





On the role of ClC-5 anion/proton exchangers in endocytosis: 




Von der Naturwissenschaftlichen Fakultät der  
Gottfried Wilhelm Leibniz Universität Hannover 
zur Erlangung des Grades 
 










Referent: Dr. Alexi Alekov 
Korreferent: Prof. Dr. Ralf Gerhard 
Korreferentin: Prof. Dr. Theresia Kraft 




After antibiotic treatment, the pathogen Clostridium difficile (C. difficile) can colonize a 
host’s gut. It produces the toxins TcdA and TcdB that cause severe diarrhea (Lessa et 
al., 2015). TcdA/TcdB are internalized via endocytosis into the host cells and are 
processed in endosomes upon acidification (Pruitt and Lacy, 2012). The present study 
identifies the chloride/proton antiporter ClC-5 as a player in the intoxication of TcdA in 
colon cancer cells (HT-29). ClC-5 is a member of the chloride channel family that is 
situated on endosomes and essential for their acidification (Hara-Chikuma et al., 2005). 
Here, ClC-5 was located in early and early-to-late endosomes, and colocalized with 
TcdA. Knockdown of ClC-5 by siRNA significantly lowered the cytopathic effect of TcdA. 
Vice versa, overexpression of ClC-5 increased internalization of TcdA and was 
accompanied by lowered endosomal pH values. To proof whether the proton/chloride 
antiport of ClC-5 is responsible for the increased cytotoxicity of TcdA, the non-
transporting E268Q ClC-5 was used. Indeed, TcdA internalization was reduced as 
compared to WT ClC-5, but increased as compared to control cells. Surprisingly, 
endosomal acidification was not impaired by this mutant, indicating that ClC-5-mediated 
acidification of endosomes is independent of its intrinsic transport function. However, 
ClC-5-promoted endosomal acidification appears to facilitate TcdA intoxication. 
Since internalization of proteins depends on endocytosis and subsequent processing of 
endosomes, the second part of this study established tools to investigate endosomal 
motility. It focusses on the influence of ClC-5 glycosylation, since multiple ClC-5 
mutations with inhibited glycosylation retain the transport in the ER and cause the renal 
Dent’s disease (Scheinman, 1998). The non-complex-glycosylated R516W ClC-5 was 
chosen as a representative Dent’s mutant (Ludwig et al., 2005). Using total internal 
fluorescence microscopy and particle tracking analysis, this study identified R516W  
ClC-5 endosomes to move faster along the plasma membrane (PM) and with reduced 
target-orientation than WT ClC-5. Analysis of two artificial N-glycosylation deficient 
mutants (N408E and N408A), displayed varying capabilities of endosomal retraction to 
or from the PM, but indicated that a lack of N-glycans is not the main cause for the 
altered endosomal mobility of R516W ClC-5. 





Nach Antibiotika-Behandlung kann der Darm eines Patienten vom Pathogen Clostridium 
difficile (C. difficile) besiedelt werden. Dieses produziert die Toxine TcdA und TcdB, 
welche Durchfall verursachen können (Lessa et al., 2015). Die Toxine werden über 
Endozytose in die Wirtszellen aufgenommen und in Endosomen nach deren Ansäuern 
prozessiert (Pruitt and Lacy, 2012). In dieser Arbeit wurde der Chlorid/Protonen 
Austauscher ClC-5 als Mitspieler in der Vergiftung von TcdA identifiziert. ClC-5, ein 
Mitglied der Familie der Chloridkanäle, befindet sich an Endosomen und ist wichtig für 
deren Ansäuern (Hara-Chikuma et al., 2005). In dieser Arbeit wurde ClC-5 an frühen 
und frühen-späten Endosomen detektiert und kolokalisierte mit TcdA. Eine 
Herunterregulierung des endogenen ClC-5 verringerte die Zytotoxizität von TcdA. 
Überexpression von ClC-5 führte zu einer erhöhten Internalisierung des Toxins und 
einem niedrigeren endosomalen pH. Um zu überprüfen ob der Chlorid/Protonen Antiport 
von ClC-5 die erhöhte Toxizität verursacht, wurde die E268Q ClC-5 Mutante verwendet, 
welche eine eingeschränkte Transportfunktion besitzt. Diese Mutante internalisierte 
mehr Toxin als die Kontrolle jedoch weniger als WT ClC-5. Der endosomale pH Wert 
war durch die Mutation nicht verändert, was darauf hinweist, dass das ClC-5-vermittelte 
Ansäuern der Endosomen nicht von seiner eigentlichen Transportfunktion abhängt. Das 
Ansäuern der Endosomen durch ClC-5 scheint somit die Toxizität von TcdA zu erhöhen. 
Da die korrekte Internalisierung von Proteinen durch Endozytose und somit auch vom 
Prozessieren der Endosomen beeinflusst wird, wurden im zweiten Teil dieser Studie 
Methoden entwickelt um die Beweglichkeit von Endosomen zu untersuchen. Der Fokus 
lag dabei auf dem Einfluss der Glykosylierung von ClC-5, da viele ClC-5 Mutanten, die 
eine veränderte Glykosylierung aufweisen, und nicht aus dem ER transportiert werden 
und das renale Dent Syndrom verursachen (Scheinman, 1998). Als repräsentative Dent 
Mutante diente die nicht-komplex-glykosylierte R516W ClC-5 Mutante (Ludwig et al., 
2005). Endosomen der R516W bewegten sich weniger zielorientiert und schneller als 
der WT entlang der Plasmamembran. Die Analyse von zwei Glykosylierungs-defizienten 
Mutanten (N408E und N408A) zeigte unterschiedliche Bewegungen was verdeutlicht, 
dass der Verlust der N-Glykane nicht der hauptsächliche Grund für die veränderte 
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 The CLC protein family 
The family of chloride channel (CLC) proteins comprises proteins that selectively 
transport anions through membranes. They are conserved from prokaryotes to 
mammals. In general, CLC proteins are organized as homodimers with each monomer 
exhibiting a separate ion pathway (= protopore) (Dutzler et al., 2002, 2003; Pusch and 
Zifarelli, 2014; Tang and Chen, 2011). A monomer is composed of a short NH2 and 
COOH (= N- and C-) termini and 18 a-helices (A-R). The helices B-R are membrane-
spanning domains (Figure 1 A) (Dutzler et al., 2002, 2003; Feng et al., 2010). Both the 
N- and C- termini are located intracellularly. The C- terminus of most CLC proteins also 
harbors two cystathionine β-synthetase (CBS) domains (Fahlke et al., 1997; Jentsch et 
al., 1999; Mindell et al., 2001). The function of the CBS domains is still poorly 
understood, but their physiological importance is acknowledged since point mutations in 
these domains are related to numerous diseases such as osteopetrosis (related to 
mutations in the ClC-7 protein) (Cleiren et al., 2001; Kornak et al., 2001) or myotonia 
(caused by mutations in the ClC-1 protein) (Pusch, 2002).  
 
Figure 1: Proposed topology model and crystal structure of a CLC protein (Dutzler et al., 2002; Feng et al., 
2010).  
A) depicts a topology model of a monomer of a chloride channel based on the Salmonella enterica serovar CLC. The 
monomer is composed of the a-helices A-R and the N- and C- termini. Green and cyan illustrate the two halves of the 
subunit. Red depicts the regions of the chloride selectivity filter. B) illustrates the crystal structure of the cmCLC 
protein of the red algae Cyanidioschyzon merolae. The two monomers are shown in blue and red. The extra- and 





In mammals, the CLC protein family comprises 9 members: ClC-1-7 and ClC-Ka as well 
as ClC-Kb (as reviewed in Stauber et al., 2012). Initially, all CLC proteins were 
considered to be chloride channels. However, after the crystallization of the Escherichia 
coli ClC-1 (EcClC-1), in 2002 (Dutzler et al., 2002), it became clear that not all CLCs 
were channels. Thus the group of CLCs was divided into chloride channels and 
chloride/proton antiporters. Now, ClC-1, ClC-2, ClC-Ka and ClC-Kb are described as 
chloride channels, whereas ClC-3 to ClC-7 are considered chloride/proton antiporters 
(see Figure 2) (Accardi and Miller, 2004; Picollo and Pusch, 2005; Scheel et al., 2005). 
One of the main differences between chloride channels and antiporters is that chloride 
diffuses passively through channels and antiporters are secondary active transporters of 
chloride and protons. Furthermore, there are differences in the site of expression. 
Chloride channels are located at the plasma membrane (PM), while transporters localize 
to intracellular compartments such as early, late and recycling endosomes or lysosomes 
(Devuyst et al., 1999; Günther et al., 1998; Kornak et al., 2001; Poët et al., 2006; 
Stobrawa et al., 2001). 
Furthermore, chloride 
channels seem to be 
important for the resting 
membrane potential in skeletal 
muscle and they are reported 
to balance the salt transport in 
the kidney and other tissues 
(Jentsch, 2008). The chloride 
transporters are presumably 
crucial for the acidification of 
endosomes, lysosomes and 
other compartments (Graves 
et al., 2008; Iyer et al., 2002; 
Kornak et al., 2001, 2006; 
Piwon et al., 2000; Poët et al., 
2006; Stobrawa et al., 2001).  
 
Figure 2: Phylogenetic tree of the CLC-protein family (based on 
Jentsch, 2015; Jentsch et al., 2002; Wills and Fong, 2001).  
The CLC protein family is divided into chloride channels and antiporters. 
ClC-1, ClC-2, ClC-Ka, and ClC-Kb are part of the channel subfamily and 
ClC-3 to ClC-7 are considered as antiporters. Some ClC-proteins need 





In transporters, each monomer translocates two chloride ions at the expense of one 
proton through an ion translocation pathway (Alekov and Fahlke, 2009; De Angeli et al., 
2006; Zdebik et al., 2008). CLCs are expressed ubiquitously: ClC-1 is mainly expressed 
in skeletal muscles where it mediates chloride conductance (Lueck et al., 2007; 
Steinmeyer et al., 1991). ClC-2 is broadly expressed and one of the few chloride 
channels requiring a ß-subunit, GliaCAM, which modulates its functionality (Jeworutzki 
et al., 2012). ClC-Ka and ClC-Kb are present in the kidney and the stria vascularis of the 
inner ear. Both chloride channels require barttin as a subunit (Estévez et al., 2001; 
Uchida et al., 1995). The chloride transporters are all broadly expressed (except for ClC-
6). Multiple different functions are ascribed to ClC-3, for instance the volume-regulation 
in gastric epithelial cells (Jin et al., 2003) or the influence on synaptic transmission in 
neurons (Guzman et al., 2014). The function of ClC-4 is quite unclear, but an interesting 
finding suggests that ClC-4 can switch from transporter to a channel-like mode (Alekov 
and Fahlke, 2009). ClC-5 is required for endosomal acidification but its exact role is still 
unknown (Hara-Chikuma et al., 2005). ClC-6 is the only chloride transporter which is 
almost exclusively located to the neuronal system (Poët et al., 2006). The 
chloride/proton exchanger ClC-7 is the only chloride transporter that needs a subunit for 
functionality. The protein Ostm1 (osteopetrosis associated membrane protein 1) is 
essential for the activity of ClC-7 (Lange et al., 2006; Leisle et al., 2011). 
Since ClC-5 is located to endosomes and important for the endocytosis, this chloride 
antiporter was of particular interest in this work. Its structure, function, and mutations in 
the CLCN5 genes that are related to disease will be introduced in the following chapters. 
 
 The chloride/proton antiporter ClC-5 
The chloride/proton antiporter ClC-5 is a member of the CLC antiporter subfamily. ClC-5 
is highly expressed in kidney cells, especially in cells of the proximal tubule (PT), the 
thick ascending limp of Henle’s loop and intercalated cells of the collecting duct (Devuyst 
et al., 1999). Apart from its renal expression, ClC-5 has also been detected in the brain, 





ClC-5 is located on early, late, and recycling endosomes (Christensen et al., 2003a), 
and to a smaller extent at the PM (Friedrich et al., 1999; Günther et al., 1998).                
It is important for the regulation of endosomal pH, which is stressed by the loss of ClC-5 
that impairs endosomal acidification (Hara-Chikuma et al., 2005). ClC-5 is an 
electrogenic transporter exchanging two chloride ions by one proton. Thereby, it 
provides chloride currents over membranes (Picollo and Pusch, 2005). The transport 
depends on two anion binding sites (Scent and Sext) and two glutamates: a so-called 
gating glutamate as well as a proton glutamate (E211 and E268, respectively) (see 
Figure 3 for a model).  
The protonatable (pH-sensing) E211 and E268 represent molecular determinants for 
transport activity. The glutamate site chain E211 opens or close the anion and proton 
pathway in a pH-dependent manner. In detail, 
the unprotonated E211 can move between the 
two anion binding sites, thereby inhibiting the 
chloride binding. When it is located to the 
extracellular side, two chloride anions can be 
bound at Scen und Sext. The unprotonated 
E211 then swings back towards the Scen and 
the chloride anions are translocated into the 
cytosol. Protons can then move through the 
pathway by protonation of the proton 
glutamate E268 and then transfer to E211. 
The protonated E211 swings towards the 
extracellular lumen and opens the gate for 
anion translocation. After deprotonation of 
E211 and translocation of the chloride ions 
into the cytosol, the proton glutamate swings 
back, thus closing the gate (Accardi et al., 
2005; Grieschat and Alekov, 2012; Park et al., 
2017; Smith and Lippiat, 2010).  
 
Figure 3: Model of the ion transport in ClC-5 
(modified from Park et al., 2017).  
The anti-transport of a CLC transporter of chloride 
ions (green sphere) and protons (blue sphere) is 
depicted. Two chloride ions can be bound at the 
central (Scen, grey dashed circle) and external (Sext, 
grey dashed circle) anion binding site (a). The 
unprotonated gating glutamate 211 site chaine 
(purple) can swing between Scen and Sext pushing 
the chloride into the cytosol (b) and blocking the 
pathway inhibiting further ion transport. Upon 
protonation of the proton glutamate 268, protons 
move to the E211 (c). The protonated E211 then 
translocates towards the extracellular lumen and 





Electrophysiological studies have shown that ClC-5 is voltage dependent and 
characterized by strong outward rectifying currents. This means that ClC-5 located to the 
PM transports chloride into the cell when positive voltages are applied. However, at 
negative voltages, ClC-5 does not generate any currents (Steinmeyer et al., 1995; 
Zifarelli and Pusch, 2009).  
The coupled transport can be abolished by mutating the proton glutamate at position 
E268. Mutating the glutamate to an alanine at the corresponding site in EcClC-1 
abolished the proton transport and resulted in a passive chloride channel (Accardi et al., 
2005; Lim and Miller, 2009). In ClC-5, the E268Q substitution completely abolished the 
transport function (Grieschat and Alekov, 2012; Smith and Lippiat, 2010; Zdebik et al., 
2008). The transport can be uncoupled by a mutation in the gating glutamate (E211A 
ClC-5), transforming the antiporter into a pure chloride channel (Accardi and Miller, 
2004; Accardi et al., 2004; Picollo and Pusch, 2005; Satoh et al., 2016; Scheel et al., 
2005). 
As described above, the role of the chloride/proton exchange capability of ClC-5 in 
endocytosis is of great importance. This was shown in ClC-5 knockout mice which 
exhibited an impaired receptor-mediated endocytosis of LMW proteins (Piwon et al., 
2000; Wang et al., 2000). Yet, its exact role has been debated over the last few years 
resulting in three different models (illustrated in Figure 4). Initially, ClC-5 was described 
to ensure acidification of endosomes by providing counter ions for the proton pump      
V-ATPase (vacuolar-type ATPase) (Devuyst et al., 1999; Lloyd et al., 1996; Picollo and 
Pusch, 2005; Piwon et al., 2000; Scheel et al., 2005; Wang et al., 2000). Alternatively, it 
was also proposed that ClC-5 is necessary for direct acidification by exchanging 
endosomal chloride anions for protons (Picollo and Pusch, 2005; Scheel et al., 2005). 
Another possibility is that ClC-5’s exchange function creates hypotonicity (osmotic 
pressure) which directly causes activation of the V-ATPase, supporting the chloride 
shunt model. Using the E211A ClC-5 mutation in mice, which rendered ClC-5 a pure 
chloride channel, showed an accumulation of chloride in endosomes which led to an 
impaired acidification but normal endocytosis. Based on this, the researchers concluded 
that the chloride/proton exchange mode of ClC-5 is necessary to activate the V-ATPase 






Figure 4: Proposed functions of ClC-5 in endosomes.  
The three different models for the function of ClC-5 in endosomes that were proposed are displayed. The chloride 
shunt model (A), direct acidification model (B), and the direct activation of V-ATPase model (C). It is established that 
the V-ATPase is necessary for the acidification of endosomes. It pumps protons from the cytosol into the vesicular 
lumen (as reviewed in Maxson and Grinstein, 2014). A) In the chloride shunt model, ClC-5 pumps chloride ions into 
the endosome to provide counter ions for the V-ATPase. B) The direct acidification model proposes that ClC-5 directly 
acidifies endosomes by pumping protons into the vesicular lumen. C) The direct activation of V-APTase model 
supports the chloride shunt model. Satho and coworkers showed that if ClC-5 is mutated to a pure chloride channel 
(E211A ClC-5), the endosomal acidification is impaired but endocytosis is normal. Based on these findings, they 
proposed that the chloride/proton exchange mode of ClC-5 activates the V-ATPase. 
 
Besides the different proposed functions of ClC-5, the orientation of the ClC-5 protein in 
the PM and in endosomes remains paradox (see Figure 5): In heterologous expression 
systems (for instance in Xenopus oocytes or HEK293 cells), ClC-5 is expressed at the 
PM and in endosomes. 
When situated in the PM it exhibits an outward rectification, generating chloride 
conductance into the cell at positive membrane potentials (Sakamoto et al., 1996; 





However, Smith and Lippiat were able to demonstrate that ClC-5 is responsible for direct 
acidification of endosomes independent of the activity of the V-ATPase (Smith and 
Lippiat, 2010). This raises the (so far unanswered) question if ClC-5 behaves differently 




Figure 5: The paradox of chloride conductance and transmembrane orientation of ClC-5 (based on George et 
al., 2001).  
The transmembrane orientation of ClC-5 in the PM or in the endosomal membrane is shown. (A) Electrophysiological 
studies demonstrated that ClC-5 transports chloride into the cell upon positive membrane potentials. Negative 
membrane potentials result in no currents (B) ClC-5 is predicted to have different transmembrane orientations in the 
ER, surface membranes or intracellular vesicles. The branched, black line indicates the extracellular glycosylation site 





 The role of ClC-5 in clathrin-mediated endocytosis 
Endocytosis describes the process by which extracellular fluid or particles are 
internalized into the cell. Since ClC-5 is involved in receptor-mediated endocytosis 
(=clathrin-mediated endocytosis) (Christensen et al., 2003b), the following part will focus 
on this particular endocytosis mechanism and the role of ClC-5.  
In the kidney, the essential function of water and solutes handling depends on the 
expression, trafficking, and interaction of transport systems (Christensen et al., 2003a; 
Devuyst and Luciani, 2015). Albumin and other low molecular weight (LMW) proteins are 
filtered and reabsorbed in the PT. LMW proteins include hormones such as parathyroid 
or growth hormones, albumin, transferrin, carrier proteins like retinol-binding proteins, 
enzymes, immunoglobulin light chains, and drugs or toxins (Christensen and Birn, 
2002). Their uptake mainly occurs via clathrin-dependent, receptor-mediated 
endocytosis and involves two receptors: Megalin and cubilin (Christensen et al., 2003a; 
Dickson et al., 2014; Nielsen and Christensen, 2010). Using purified proteins, 
Christensen and Bin have shown that the N-terminus of cubilin interacts with megalin 
upon ligand binding (Christensen and Birn, 2002). After ligand binding and the 
internalization of receptor and ligand into coated vesicles, the further progression of 
these endosomes along the endocytic pathway is dependent on acidification of the 
endosome (Hurtado-Lorenzo et al., 2006). The primary formed vesicles fuse with early 
endosomes. Then, the internalized substrates are either directly transported to the PM 
through recycling endosomes, or further processed in late endosomes and finally 
degraded in lysosomes (Huotari and Helenius, 2011; Mellman, 1996) (see Figure 6). 
The acidified environment causes the dissociation of the receptor-ligand complex. It also 
modulates vesicle trafficking and fusion events with other endosomes (Johnson et al., 
1993). The acidification is accompanied by swelling of endosomes. Protons play an 
important role for the maturation from early to late or recycling endosomes. At the same 
time, the chloride concentration is a central element. It was shown that the chloride 
concentration increases from early endosomes (20 - 40 mM) to lysosomes (>80 mM) 







Renal ClC-5 is mainly expressed in cells of the PT, but also in the thick ascending limp 
of Henle’s loop and a-type intercalated cells of the collecting duct (Devuyst et al., 1999). 
ClC-5 colocalizes with the proton pump V-ATPase on early endosomes, which 
transports protons into endosomes for acidification (Devuyst et al., 1999; Günther et al., 
1998). Although the role of ClC-5 has been debated, it is established that it plays an 
important role in the endocytic pathway because a disruption of the CLCN5 gene in mice 
causes a reduced endocytosis in PT (Piwon et al., 2000). In order to highlight the 





Figure 6: Overview of the endocytosis pathway (modified from Huotari and Helenius, 2011).  
Endocytosed particles or substrates are internalized in vesicles. These vesicles then fuse with early endosomes (EE). 
EE are then either directly transported back to the PM via recycling endosomes, or the endosomes further maturate 
and fuse with late endosomes (LE) and are then degraded in the lysosomes. Rab proteins as marker for specific 





 Interaction of ClC-5 with motor proteins  
ClC-5 positive endosomes are transported along microtubules and this transport 
requires the interaction with motor proteins. In 2010, Reed and colleagues were able to 
identify one motor protein that interacts with ClC-5: Kinesin family member B3 (KIF3B), a 
member of the kinesin 2 subfamily (Reed et al., 2010). In ClC-5 knockout mice and cell 
cultures, the authors demonstrated that the C-terminus of ClC-5 directly interacted with 
the coiled-coil (CC) and globular domain (GC) of KIF3B. In addition, KIF3B is important 
for the transport of ClC-5 to the PM. The C-terminus of ClC-5 is of great importance for 
the endocytosis and endosomal trafficking, as it has been shown to interact not only with 
KIF3B but also with cofilin (Hryciw et al., 2003) and Nedd4-2, a member of the neuronal 
precursor cell-expressed developmentally downregulated 4 protein family (Hryciw et al., 
2004). Cofilin is an actin depolymerization factor and promotes actin assembly or 
disassembly (Andrianantoandro and Pollard, 2006; Bamburg and Bernstein, 2010). 
Nedd4-2 on the other hand is an ubiquitin-ligase protein (Harvey and Kumar, 1999) that 
is involved in the regulation of the surface expression of proteins.  
Ubiquitination of ClC-5 causes a degradation of the protein as well as its removal from 
the PM (Schwake et al., 2001). The proposed endocytic model in polarized cells is 
displayed in Figure 7 (Reed et al., 2010): ClC-5 is located at the apical plasma 
membrane (APM) with other interacting proteins such as Nedd4-2, NHERF and cofilin 
(Hryciw et al., 2003, 2004, 2006). Upon binding of a ligand to megalin or cubilin 
receptors, clathrin coated vesicles are internalized into the cell (Devuyst et al., 1999; 
Hamm-Alvarez and Sheetz, 1998). Those vesicles contain not only ClC-5 but also 
ClC-4, a homolog protein of ClC-5 that is broadly expressed in the brain, kidney and 
muscles (Mohammad-Panah et al., 2003; Stauber et al., 2012). The transport along the 
microtubules occurs via the Kinesin-2 complex (Hamm-Alvarez and Sheetz, 1998) and 







Figure 7: Transport of ClC-5 positive endosomes 
along microtubule in polarized cells (from Reed et al., 
2010).  
Proteins and solutes are resorbed via the receptor-
mediated endocytic pathway. After binding to APM 
receptors (e.g megalin or cubilin), ligands are internalized 
together with ClC-5, ClC-4 and other interacting proteins 
such as Nedd4-2, NHERF2 or cofilin via clathrin-coated 
vesicles (Hamm-Alvarez and Sheetz, 1998). Endosomes 
are then transported anterogradely along microtubules via 
the Kinesin-2 complex. The V-ATPase thus acidifies early 
endosomes and ClC-5 probably provides counter ions 
(Picollo and Pusch, 2005; Scheel et al., 2005) 
 ClC-5 in diseases: An overview of a pathogen causing intestinal       
infection and the hereditary Dent’s disease 
In this chapter, two diseases will be introduced: an intestinal infection caused by a 
bacterial enterotoxin and the hereditary Dent’s disease. At first glance, both diseases do 
not seem to have a lot in common. However, in both cases, endocytosis plays an 
important role in the development and/or progression of the disease.  
In general, endocytosis is not only crucial for the survival of cells, but it is also a weak 
spot for potential pathogens to overcome the membrane barrier, thus promoting their 
survival or replication. Multiple viruses, such as influenza, Hepatitis B and C viruses, as 
well as bacteria, i.e. Listeria monocytogenes were described to gain access into the host 
cell by taking advantage of this mechanism (Blanchard et al., 2006; Cooper and Shaul, 
2006; Lakadamyali et al., 2004; Veiga and Cossart, 2005). Furthermore, there are 
bacteria that produce toxins which are internalized via endocytosis. The bacterium 





It is one of the most prevalent health-care related pathogens causing severe diarrhea 
(Papatheodorou et al., 2010). Because ClC-5 is important for endocytosis and toxins of 
C. difficile enter the host’s cell via clathrin-mediated and clathrin-independent pathways, 
it may be possible that ClC-5 plays a role in this intoxication. 
Besides pathogens using the cell’s endocytosis machinery for their own survival, a 
disrupted endocytosis can also cause the manifestation of a disease by itself. The 
hereditary Dent’s disease is one example for a disease that is characterized by a 
deficiency in the endocytosis of albumin and LMW proteins. It is caused by mutations in 
the CLCN5 gene (Piwon et al., 2000). Causes and symptoms of the Dent’s disease will 
also be displayed in this chapter.  
 
 Clostridium difficile and its enterotoxins (TcdA and TcdB) 
C. difficile is an anaerobic, spore producing, gram positive bacterium that can cause 
severe C. difficile infection (CDI) (Borriello, 1998; Hall, 1935). In 2011, nearly half a 
million people suffered from CDI in the United States (Lessa et al., 2015). CDI starts with 
the ingestion of spores from C. difficile, for instance via aerosols, which can cause a 
colonization of the bacterium in the colon (McFarland et al., 1989). Antibiotic treatment 
causes a disruption of the normal bacterial gut flora, favoring the bacterium to germinate 
and colonize. C. difficile thus produces toxins inducing diarrhea and colitis. Spores that 
were produced by the colonizing bacteria exit the host via this route to close the life 
cycle and spread to new hosts (Martinez et al., 2012; Paredes-Sabja et al., 2014).  
The two main virulence factors of C. difficile are two large clostridial cytotoxins: TcdA 
and TcdB (Tcd = toxin of C. difficile) (Voth and Ballard, 2005). These exotoxins are 
proteins with a size of 308 and 270 kDa respectively and comprise several functional 
domains (Jank and Aktories, 2008) (Figure 8): A receptor binding domain that is 
composed of C-terminal combined repetitive oligopeptides (CROP), a pore-forming 
domain, an autoprotease domain, and a translocation (= delivery) domain as well as the 






The genes are encoded in the pathogenicity loci (PaLoc), which contain (apart from tcda 
and tcdb) the tcdr, an alternative RNA polymerase sigma factor, controlling the 
expression of tcda and tcdb (Mani and Dupuy, 2001). Two additional genes responsible 
for the extracellular release and gene repression are also encoded in the PaLoc 
sequence (Govind and Dupuy, 2012; Govind et al., 2015; Hundsberger et al., 1997; 






Figure 8: Structure of TcdA (modified from Chumbler et al., 2016).  
A) TcdA is comprised of four domains that build the primary structure: the glucosyltransferase domain (GTD, red), the 
autoprotease domain (APD, purple; including the three-helix bundle, dark purple), the delivery domain (yellow) and the 
CROPS domain (white). B and C) Cartoon representing the TcdA1 -1832 structure (with the same color code as in a), 





1.3.1.1 Mode of action of C. difficile toxins 
The mode of action of the toxins TcdA and TcdB can be briefly described with a four 
step model (Figure 9): Receptor binding (1), internalization and acidification (2), 
translocation into the cytosol (3), and glucosylation (= incorporation of glucose) of target 
proteins (4) (Pruitt and Lacy, 2012). First, the C-terminus of TcdA/B binds to receptors 
on the surface of the host cell (Dove et al., 1990; von Eichel-Streiber et al., 1992; Florin 
and Thelestam, 1983). The toxins TcdA and TcdB bind to different receptors. For TcdA, 
the sucrose-isomaltase and glycoprotein 96 receptors were identified (Na et al., 2008; 
Pothoulakis et al., 1996), whereas the chondroitin sulfage proteoglycan 4 and poliovirus 
receptor-like 3 receprots were described as targets for TcdB (LaFrance et al., 2015; 
Yuan et al., 2015). The binding step is followed by endocytosis and internalization of the 
toxins. Subsequently, an acidification of the endosome is crucial for the further 
processing and translocation of the toxins. The acidified environment in endosomes 
causes the toxins to undergo a conformational change (Barth et al., 2001; 
Papatheodorou et al., 2010; Voth and Ballard, 2005). The conformational change occurs 
due to a protonation of two hydrophobic helices and results in the exposure of a 
hydrophobic region. This probably causes a pore formation in the vesicular membrane 
(Genisyuerek et al., 2011). Finally, the toxins undergo autocatalytic cleavage 
InsP6-dependent (inositol hexakisphosphate-dependent) and the catalytic subunit of the 
toxin is released into the cytosol. Then, the toxins GTD domain glucosylates and thereby 
inactivates its target members of the Ras- homolog (Rho) subfamily (Jank et al., 2007; 
Just and Gerhard, 2005; Pfeifer et al., 2003; Pruitt et al., 2010).  
Rho proteins are small GTPases involved in multiple processes such as regulation of the 
actin cytoskeleton, cell cycle progression or cell division (Burridge and Wennerberg, 
2004; Etienne-Manneville and Hall, 2002). The toxins of C. difficile inactivate Rho 
proteins, such as proteins of the Rac-subfamily, by glucosylation of the Thr35/37 residue 
(Burridge and Wennerberg, 2004; Just et al., 1995; Yang et al., 2015). This inactivation 
causes morphological changes due to disorganization of the cytoskeleton and apoptosis 
(Gerhard et al., 2005; Ottlinger and Lin, 1988), which is probably caused by the 
disruption of actin cytoskeleton (Bobak et al., 1997; Mahida et al., 1996). Additionally, 







Besides the above presented clathrin-dependent internalization of TcdA and TcdB, a 
clathrin-independent uptake of TcdA has been proposed as well: a truncated TcdA 
protein, lacking the CROP domain still exhibited cytotoxic properties. Thus, a dynamin-
dependent uptake of TcdA was shown for an alternative endocytis route 





Figure 9: Cellular intoxication process of TcdA and TcdB (from Pruitt and Lacy, 2012).  
TcdA and TcdB are composed of four domains as presented in A). The N-terminal glucosyltransferase domain (GTD, 
in red), the “delivery” or pore-forming domain (yellow, it also contains the hydrophobic region in orange), the 
autoprotease (blue), and the CROPS domain (green) B) illustrates the cellular intoxication process as a four steps 
mode of action: 1) Toxin binding and internalization by receptor-mediated endocytosis. 2) Acidification of endosomes 
causes a conformation change of the toxin and pore formation. This leads to the release of the GTD into the cytosol 





 Dent’s disease 
Endocytosis is a pivotal cellular mechanism which is not only important for physiological 
processes but also associated with diseases. On the one hand, pathogens use this 
mechanism to enter the host’s cell thereby causing infections. On the other hand, 
mutations in proteins involved in endocytosis might result in dysregulation of endocytic 
processes which can become manifested in sever disorders. One of these diseases is 
the Dent’s disease which can be caused by a mutation in the CLCN5 gene. 
Dent’s disease is a tubulopathy first described in 1964 (Dent and Friedman, 1964). It is a 
rare, recessive, X-linked renal disorder. So far, only members of around 250 families 
have been described to suffer from Dent’s disease (Devuyst and Thakker, 2010). The 
disease is characterized by a malfunction of solute handling: The main symptoms are 
nephrocalcinosis, hypercalciuria and LMW proteinuria (Scheinman, 1998). In addition, 
aminoaciduria, phosphaturia, glycosuria, uricosuria, kaliuresis and impaired urinary 
acidification were found in affected individuals (Wrong et al., 1994). In men, some 
symptoms are more manifested than in woman. For instance, 99 % of male patients 
have LMW proteinuria compared to 70 % of female patients. 96 % of male Dent’s 
patients also show hypercalciuria whereas only 50 % of affected females suffer from this 
symptom. Around 75% of affected men show nephrocalcinosis and a lower percentage 
has end stage renal failure (30 – 50 %). While these effects are extremely rare in women 
(only one female Dent’s disease patient was reported to suffer from end stage renal 
failure) (Scheinman, 1998; Sethi et al., 2009; Wu et al., 2009).  
Dent’s disease is divided into type 1 and type 2 (Dent-1 and Dent-2) differing with regard 
to mutated genes and level of manifestation of symptoms in patients (Bökenkamp and 
Ludwig, 2010; Wrong et al., 1994). Mutations in the chloride transporter CLCN5 gene 
are related to Dent-1. Mutations in the OCRL (oculocerebrorenal syndrome of Lowe) 
gene encoding for the phosphatidyl inositol 4,5-bisphosphate 5-phosphatase are typical 
for Dent-2. As described by Lloyd and colleagues, the majority of CLCN5 gene 
mutations found in patients with Dent’s disease are nonsense or missense mutations 
(listed in Table 1) (Lloyd et al., 1996) and occur in the transmembrane domain of the 
protein (see Figure 10) (Pusch and Zifarelli, 2014). Multiple other mutations that can 
cause Dent’s disease are associated with the carboxyl terminus of ClC-5 (Lloyd et al., 





Table 1: List of mutations detected in  




Nonsense 36 % 
Missense 33 % 
Frameshift deletion 14 % 
Frameshift insertion 5 % 
Donor splice site 3 % 
Acceptor splice site 3 % 
Intragenic deletion 2 % 
Novel splice site 1 % 
Complete deletion 1 % 
In-frame insertion 1 % 
In-frame deletion 1 % 
 
 
Figure 10: Dimeric structure of a chloride antiporters and 
location of Dent’s disease mutations (from Pusch and 
Zifarelli, 2014).  
The crystal structure of the algael cmCLC is presented. The two 
subunits of the dimer are shown in green and gray 
(transmembrane domains) or yellow and light gray (cytoplasmic 
domain). Indicated as red and blue spheres are the positions of 
ClC-5 missense mutations causing Dent’s disease. In magenta, 
the chloride anions that are bound to Sext and Sint are indicated.  
 
Patch clamp recordings of oocytes of Xenopus laevis or HEK293 cells revealed that 
most mutations caused a loss of chloride conductance and mutant transporters were not 
trafficked to the PM (Lloyd et al., 1996). With regard to the trafficking and acidification, 
three categories of ClC-5 mutations were proposed based on the abnormalities induced 
by the mutations: The first category includes mutations that result in proteins which are 
retained in the endoplasmic reticulum (ER) or result in degradation of ClC-5 proteins. 
The second group contains ClC-5 mutations with defective endosomal acidification. The 
last group consists of mutations leading to an altered endosomal distribution of ClC-5 
proteins but not to a defective endosomal acidification (Smith et al., 2009).  
One Dent mutant is of special interest for this work: The R516W mutant. This missense 
mutation is located in the region of the dimer interface (Smith et al., 2009). The choice of 
this mutant was motivated by the fact that it was the one missense mutation with 
functional currents that had an altered glycosylation pattern, increased ER retention and 
around 30% smaller currents as compared to the wildtype (WT) (Ludwig et al., 2005).  
Glycosylation is a posttranslational modification that occurs in the ER and Golgi. It 
describes the attachment of sugars to the protein. During maturation, a core 
glycosylation is attached in the ER. Upon further trafficking into the Golgi, the core 
glycosylation is replaced by more complex N-glycans resulting in the complex 





In general, ClC-5 was shown to be either mono glycosylated in mice and humans 
(Jouret et al., 2004), or glycosylated on two sites in Xenopus laevis (Schmieder et al., 
2007). The N-linked glycosylation appears to be a crucial posttranslational modification 
for ClC-5 that facilitates the transport to the PM as glycosylation deficient xClC-5 was 





 Aim of the study 
Despite the large amount of available data presented in the previous chapters, the 
molecular mechanisms underlying the physiological function of ClC-5 still remain 
unclear. The aim of the present thesis is thus to define the importance of ClC-5 for the 
initial endocytic steps as well as the acidification and motility of intracellular vesicles. 
Therefore, two particular hypotheses will be examined: First, as ClC-5 plays an 
important role in the endocytosis pathway, it potentially might be hijacked by pathogens 
that produce endocytosed enterotoxins. Thus, this research set out to investigate the 
specific role of ClC-5 for the endocytosis and toxicity of TcdA. Initial experiments 
performed by Dr. Olling and Prof. Gerhard (Institute for Toxicology, Hannover Medical 
School) already indicated 
that cells overexpressing 
ClC-5 or the non-
transporting E268Q ClC-5 
were more susceptible to 
TcdA (see Figure 11). Yet, 
the underlying mechanisms 
remain unclear.  
Second, as presented 
above, it is established that 
the posttranslational 
glycosylation of ClC-5 is 
often impaired by hereditary Dent’s disease mutants. Hence, it is likely that the vesicular 
transport along the endocytosis pathway is strongly dependent on the speed of the 
luminal acidification of these compartments. Consequently, the second research aim 
was to develop tools to quantify the motility of ClC-5-containing endosomal 




Figure 11: Cytopathic effect of TcdA (modified from Ruhe et al., 
2017).  
A) TcdA concentration-dependent cell rounding of HEK293 cells stably 
transfected with mCherry (control), ClC-5-mCherry, and E268Q-ClC-5-
mCherry. B) Concentration-dependent proportion of cell rounding as a 
result of the cytopatic effect of TcdA. For the analysis, the amount of 







 Cell culture and transfection methods 
In this study, human embryonic kidney cells (HEK293 and HEK293T), human colon 
cancer cells (HT-29), and mardin-darby canine kidney cells (MDCKII) were used. All 
cells were maintained at 37°C under a 5% CO2 humidified atmosphere and re-cultured 
every 2-3 days or seeded for transfection. Confluent cells were washed once with PBS 
(Lonza, Switzerland), separated by using 0.25% Trypsin-EDTA (Gibco/Life 
Technologies, USA) and resuspended in medium. The appropriate amount of cells was 
then transferred into a new petri dish and cultivated to subconfluence (for transfection) 
or confluence. For fluorescence imaging, cells were seeded on glass cover slips, pre-
treated with polys-L-lysine (Sigma-Aldrich, Germany) for 10 min. For total internal 
fluorescence (TIRF) microscopy, cells were seeded in teflon rings glued to glass cover 
slips, pre-treated with 25% hydrochloric acid and irradiated to UV light for 1 h. For 
transiently transfected cells, fluorescence imaging was performed 24-48 h after 
transfection. 
Cultivation and transfection of HT-29 cells 
HT-29 cells were cultivated in full medium containing Dulbecco’s MEM/ Hams F-12 
(Biochrom, Germany), 50 units/ml penicillin/streptomycin (Invitrogen, USA) and 10% 
FBS (Gibco/Life Technologies, USA) and transfected using the jetPRIME transfection 
reagent (Polyplus-transfection, France) according to the manufacturer’s protocol with the 
following changes: For a 6 cm petri dish, 2 µg Plasmid DNA were added to 500 µl of 
jetPRIME buffer. After a brief vortexing step, 4 µl jetPRIME reagent were added to the 
DNA/buffer mix. This mixture was incubated for 10 min at room temperature (RT) before 
it was added to the cells. For microscopy, cells were seeded on glass cover slips 
12-24 h after transfection. 
Cultivation and transfection of HEK293 and HEK293T cells 
HEK293 and HEK293T were maintained in Dulbecos minimum Eagle’s medium (DMEM, 
Gibco/Life Technologies, USA), supplemented with 10% FBS (Gibco/Life Technologies, 
USA), 2 mM L-glutamine and 50 units/ml penicillin/streptomycin (Invitrogen, USA) and 





For a 10 cm petri dish, 500 µl of 250 mM CaCl2 solution was mixed with 5 µg plasmid-
DNA and briefly vortexed. Then 500 µl of 2x HEBS were added dropwise to the 
DNA/CaCl2 mixture. After 15 min of incubation at RT, the mix was then added to the 
cells for transient expression. 
Stably transfected HEK293 cells expressing mCherry tagged WT ClC-5 or E268Q ClC-5 
and mCherry alone (Hebeisen et al., 2003) were cultivated in minimum Eagle’s medium 
(MEM) (Gibco/Life Technologies, USA), supplemented with 10% FBS (Gibco/Life 
Technologies, USA) and 900 µg/ml Geniticin (G418, Invitrogen, USA).  
Cultivation and transfection of MDCKII cells 
Mardin-Darby canine kidney (MDCKII) cells were cultivated in MEM medium (Gibco/Life 
Technologies, USA) supplemented with 10% FBS (Gibco/Life Technologies, USA) and 
900 µg/ml Geniticin (G418, Invitrogen, USA). For transfection, the Lipofectamin 2000 
and 3000 transfection reagents (Thermo Fisher Scientific, USA) were used. The 
manufacturer’s protocol was slightly changed: For a 3 cm dish, 2 µg of DNA and 4 µl of 
Lipofectamine were diluted in 50 µl OptiMEM, subsequently.  
 Fixation and mounting of cells 
For microscopy, cells were fixed using either methanol or 4% formaldehyde (PFA, 
Thermo Scientific Pierce, USA) in PBS (Lonza, Switzerland). For the fixation, cells were 
washed with PBS and incubated in methanol at -20°C for 10 min or 4% PFA in PBS for 
20 min at RT. Afterwards, cells were washed three times with PBS to remove residual 
methanol/ PFA. 
For mounting the cells, the glass cover slip containing the fixed cells was carefully dried 
and then placed upside down on a microscope slide glass covered with 15 µl of 






 Microscopy and analysis of images and movies 
 Confocal Microcopy 
In order to visualize the subcellular localization of the proteins of interest, fluorophores 
were attached to the protein and the fluorescence was visualized in living and fixed cells, 
using a Spinning disc or Laser Scanning Microscope (LSM). The Spinning disc 
microscope is equipped with a Yokogawa CSU-XI Spinning disc unit. The different 
fluorophores were excited using the following wavelengths: mCherry at 561 nm, EYFP at 
515 nm and EGFP at 445 nm. For mCherry emission detection, the mCherry bandpass 
filter of 582-636 nm was used, for EYFP, EGFP, and Atto425 emission detection a 
bandpass filter between 524-550 nm was used.  
For the Zeiss LSM 780 confocal laser scanning microscope, the excitation wavelengths 
of 488 nm for EGFP or Atto425, 514 nm for EYFP or 561 nm for mCherry were used and 
emission was recorded between 493-574 nm for EGFP and EYFP and respectively 
576-696 nm for mCherry. 
 
 Total internal reflection fluorescence microscopy 
Total internal reflection fluorescence (TIRF) microscopy is a powerful tool to visualize 
objects that are situated within a defined field depth close to the site of the glass cover 
slip (Fish, 2001). It offers the opportunity to study events that occur close to the cell 
surface e.g. the endocytosis pathway of Rab proteins (Tsuboi and Fukuda, 2006) or the 
fusion of proteins with the PM (Steyer and Almers, 2001). The theory of TIRF 
microscopy is illustrated in Figure 12: Light hits a surface (e.g. glass/water interface) in a 
certain angle and is refracted. At a specific critical angle, the beam is totally reflected 
from this interface (Fish, 2001). A light beam from a laser that travels through the 
sample above the critical angle will generate an electromagnetic field that decays 
exponentially with the distance from the surface. Yet, it is capable of exciting 
fluorophores near the surface without the interference of fluorescence from objects that 
are not within the defined field depth. This enables the visualization of objects that are 





Hence, enables the user to visualize the fluorescence of objects that are very close to 
the PM, e.g. endosomes (Axelrod, 2001; Konopka and Bednarek, 2008). In this study, 
an iMIC microscope was used equipped with a polytrope and dichrotome dual emission 
extension. As objective, the Plan-
Apochromat 63x/1.46 Oil (Zeiss, USA) was 
used as well as the beam splitter 
MBS400/514/531/640 (AHF, 
Analysentechnik, Germany) and the filter set 
with the beam splitter dichroic 515dcxr, the 
CFP emitter 466-498 nm, and YFP emitter 
511-517 nm. The filters were positioned in 
an oligochrome rapid filter switch with xenon 
(150W). The CCD camera recorded the 
videos. The flurophore mCherry was excited 
with 514 nm because for the 560 nm 
excitation, the needed emission filter was not 
available.  
 
 Colocalization analysis 
Dual color fluorescence images of cells transiently expressing two proteins (or 
intoxicated with TcdA) were subjected to a colocalization analysis in order to validate the 
amount of overlapping objects. This method was used to indicate similar subcellular 
distributions of two proteins, e.g. the toxin being situated at the same or similar 
subcellular compartments like ClC-5, or Rab proteins colocalizing with ClC-5. Firstly, 
dual color fluorescence images were subjected to linear spectral unmixing to remove 
fluorescence bleed-through (Zimmermann, 2005) using a MATLAB script kindly provided 
by A. Zeug (Hannover Medical School). Then, an object based colocalization approach 
was installed using the Fiji plugin SQUASSH (Rizk et al., 2014).The principle and 
workflow of the object based colocalization is demonstrated in Figure 13. Based on an 
intensity threshold and whole fitting, a cell mask outlining the cell in each channel and 
each frame was identified.  
 
Figure 12: Principle of TIRFM (based on Konopka 
and Bednarek 2008).  
Upon a critical angle, the light beam is totally 
reflected from the surface and can generate an 
electromagnetic field. This electromagnetic field 
decays with the distance from the surface, enabling 






When multiple z-stacks were analyzed, the threshold for the cell mask was set for one z-
slide. Also, all cells from one sample were treated with the same threshold. The exact 
used parameters are listed in Supplementary Table 10. Then, objects in each channel 
were identified (‘object outline image overlay’ with objects outlined in red or visualized in 
random colors (‘seg RGB’)). 
 
Figure 13: Colocalization 
workflow of the Fiji plugin 
SQUASSH (Rizk et al., 2014).  
Composite image illustrates the 
overlay of dual color confocal 
images of ClC-5-mCherry (in red 
as original image channel 1) and 
EGFP-TcdA (in green as original 
image channel 2). The ”cell mask” 
shows the cell area that was 
identified based on an intensity 
threshold. The ‘object outline 
image overlay’ represents an 
overlay of the original image with 
the detected objects outlined in 
red. “Seg. RGB” visualizes each 
object in a different, random color. 
‘Colocalization’ denotes the 
overlay of detected objects from 
both channels. All objects from the 
same channel are associated with 
a distinct color. The FIJI plugin 
SQUASSH calculates from the 
identified regions the number of 
overlapping objects as well as the 











Finally, the amount of overlapping objects (N) from channel 1 and channel 2 were 
calculated based on the following two categories: i) Object based colocalization, 
indicating the amount of colocalizing objects from channel 1 with objects in channel 2 
and vice versa. Only objects with an overlap of at least 50% were considered 
‘colocalizing’, ii) size based colocalization which depicts the amount of overlapping areas 
of colocalizing objects from the different channels. In detail, the object based 
colocalization analysis counts the number of objects from channel 1 that colocalize with 
objects from channel 2 (and vice versa) (Figure 14). The colocalization coefficient (C) is 
thus calculated using the following formula:  
Cchannel x = Nobjects channel x colocalizing with objects from channel y / Nobjects channel x.  
For the size based analysis, only objects that were “colocalizing” were examined and the 
amount of pixels (V) that overlap with objects from the other channel was calculated:  
Cchannel x = Vobjects channel x colocalizing with objects from channel y / Vobjects channel x. 
 
Figure 14: Schematic explanation of 
object and size based colocalization 
analysis  
Objects in each channel from a dual color 
fluorescence image were detected (here, 
the channels were named “blue” and 
“green”). The colocalization of objects from 
channel blue with objects from channel 
green and vice versa was examined. In 
order to simplify this overview, the focus will 
be on the colocalization of channel blue 
with channel green. For the object based 
analysis (Cobjects), the amount of overlapping 
objects from channel blue with objects from 
channel green was calculated and divided 
by the total amount of detected objects in 
channel blue. Objects were considered 
colocalizing if at least 50% of the object’s 
area was overlapping. For the blue channel 
the colocalization coefficient would be: 
Cobjects=4/6=0.67. For the size based 
analysis, only those objects that were 
considered “colocalizing” in the object 
based analysis were used. Then the area of 
overlapping pixels from the blue channel 
was divided by the total area of pixels from 
blue objects resulting in the coefficient Csize. 
Thus calculating the area of overlapping 






 Particle Tracking 
To analyze the motility of ClC-5 positive endosomes in MDCKII cells, movies obtained 
from the TIRFM were subjected to particle tracking analysis. Multiple different tracking 
software tools were tested in the beginning: Particle Tracker 2D/3D (Sbalzarini and 
Koumoutsakos, 2005) and SpeckleTrackerJ (Smith et al., 2011) which are part of the 
Fiji/ImageJ platform. Diatrack (Vallotton and Olivier, 2013), SpatTrack (Lund et al., 2014) 
and utrack2.1.3 (Jaqaman et al., 2008) were tested as well. Due to its efficiency, and the 
ability to process a large amount of movies in a reasonable amount of time, utrack2.1.3 
was chosen for further analyses. The program can read movies, detect particles and link 
particles to trajectories. It creates a MATLAB file containing information about the movie, 
particles (such as localization and walk length) and indicates the particles of different 
frames that are summarized in trajectories. The information about particles and 
trajectories were then extracted from the previously created MATLAB file using a self-
made MATLAB script to put the information into an order that was needed for further 
processing. A “particle” was defined as one spot (=one endosome) detected in one 
frame of the movie. The “trajectory” was defined as one particle that is detected in more 
than one frame of the movie. Based on these definitions, the data was further processed 
to determine the trajectory’s lifetime, velocity, as well as the displacement using a 
MATLAB script kindly provided by A. Alekov (Hannover Medical School). The lifetime 
was defined as the timespan in which a trajectory was detected. Based on the extracted 
values, the mean velocity of a trajectory was calculated as well as the net displacement, 
which is the distance traveled by the endosome from the point where it was last detected 
to its origin. Additionally, the target-orientation of the endosomal walk was calculated, 
which is value for the net displacement divided by the total distance travelled by the 
endosome. 
2.3.4.1  Analysis of mean square displacement 
For the analysis of the mean square displacement (MSD= r²), the MATLAB based 
TrackArt program was used (Matysik and Kraut, 2014). The MSD describes how far a 
particle moves over a certain time increment τ. Therefore, the position of the trajectory at 
specific time points is first transformed into the squared position (position = y²+x²) (see 





Then the distance travelled in defined time lags are extracted over the whole trajectory 
and mean values are calculated. In detail, for a time lag of one second, the distance 
from the first to the second, from the second to the third second is calculated until the 
second last to the last time point of the trajectory and the mean is calculated. A time lag 
of two seconds means that the distance from the first to the third, the second to the 
fourth second and so on is calculated until the end of the trajectory is reached. This 
formula was used for the calculation of the MSD: 
MSD(τ) = <Δr(τ)2> = <[r(t+τ) - r(t)]2> 
r(τ) is the position of the endosome at the time t 
τ is the time lag and <…> represents the average of the displacement Δr(τ)=r(t+τ) - r(t). 
The larger the time lags the least data points can be calculated resulting in higher SEM 
for larger time lags. The MSD (r²) points can then be fitted using a linear MSD fit:  
r² = a + b Δt, b = 4D. a is the intercept, and D (µm²/s) is the diffusion coefficient, 
describing the squared distance that a particle moved per second.  
 
Based on the curve progression, four different types of movement have been described 
(see Figure 16): Normal, active, anomalous or confined diffusion. Normal (or free) 
diffusion describes the movement of a particle based on free Brownian movement.  
 
Figure 15: Workflow of the calculation of MSD.  
The calculation of the MSD of one representative trajectory is shown. The trajectory is present at specific X and Y 
coordinates at a precise time point (A). The squared position for each time point was then calculated (B). For the 
actual MSD calculation, the distance traveled for a specific time interval/lag over the whole trajectory was calculated 





Active, on the other hand, describes a motion that is actively transported, e.g., by motor 
proteins. Anomalous or subdiffusion is a movement among immobile obstacles. In a 
confined diffusion, the MSD reaches a maximum value for larger time-lags due to 
limitation of space, which means that the particle’s diffusive motion is restricted at larger 
time lags (in a very visual way, one might imagine this kind of movement as a chained 
dog that is moving within an area that is restricted by the chain) (Matysik and Kraut, 
2014). Because of the crowded environment in cells, the transport along microtubules is 
most likely to be anomalous (Höfling and Franosch, 2013; Saxton, 1994). 
 Biochemical methods 
 SDS-PAGE 
SDS-PAGE was used to evaluate the correct processing of transiently expressed 
proteins. Here, the expression of WT ClC-5 mCherry in HEK203T and HT-29 cells was 
examined as well as the expression of R516W, N408E and N408A ClC-5-mCherry in 
HEK293T cells. First, to extract whole cell proteins, 24 h after transfection, cells were 
washed twice with PBS and scraped off the petri dishes and resolved in 1 ml PBS. The 
cells were then washed three times by resuspending them in 1 ml PBS after 
centrifugation (10 s, 100 x g). The pellet was then dissolved in 100 µl lysis buffer. The 
suspension was incubated on ice for 45 min with a 10 s vortexing step every 5 min 
followed by a centrifugation step for 15 min at 13,000 x g at 4°C. The supernatant was 
transferred into a new collection tube and the amount of proteins was examined using 
the BCA assay (Thermo Fisher Scientific, USA).  
 
Figure 16: Examples of different progression 
curves of MSD. There are four different types of 
MSD curves: active, free, anomalous (or 
subdiffusion), and confined. Endosomes are most 






For SDS-PAGE, 30 µg of HEK293T cell lysate and respective 60 µg of HT-29 cell lysate, 
were diluted with 5x SDS loading dye according to Laemmli. The samples were stacked 
on a gel containing 4% acrylamide and separated by electrophoresis in a gel containing 
10% acrylamide in parallel with 1-2 µl of a molecular weight marker (Spectra Multicolor 
Broad Range Protein Ladder, Thermo Scientific, USA). The fluorescent bands of the 
transiently expressed proteins and the molecular weight marker were visualized on a 
fluorescent scanner (Fusion SL, Vilber Lourma, Germany). 
 Endo H and PNGase F assay 
To examine the glycosylation status of WT, R516W, N408E, and N408A ClC-5-mCherry, 
the two endoglycosidases EndoHf and PNGase F (New England Biolabs, England) were 
used in the following protocol: For the PNGase F digestion, 40 µg of protein lysate were 
diluted with the appropriate amount of 5x SDS-loading dye and denatured for 20 min at 
RT. Then 4 µl of 10x glycobuffer 2 were added as well as 4 µl NP40 and 4 µl PNGase F. 
The mixture was briefly mixed and vortexed and incubated for 1 h at 37°C. For the 
EndoHf analysis, 40 µg of protein lysate was also diluted with 5x SDS-loading dye and 
denatured for 20 min at RT. Then 4 µl of G5-buffer and 3 µl of EndoHf were added and 
the mixture was also centrifuged and incubated at 37°C for 1 h. The proportion of 
glycosylation was thus examined using SDS-PAGE as described in the previous 
paragraph.  
 Measurement of vesicular pH using the ratiometric pH sensitive 
fluorescent protein pHluorin2 
We aimed at measuring the pH of ClC-5 positive vesicles in HEK293T cells transiently 
co-expressing synapto-pHluorin2 and WT ClC-5-mCherry, or the mutants E268Q, 
R516W, N408E or N408A ClC-5-mCherry. The pH-sensor pHluorin2 is a ratiometric 
pH-sensitive GFP-variant. Its excitation spectrum has two peaks at 395 and 475 nm with 
an emission maximum at 509 nm (Mahon, 2011). Acidification leads to a decrease in the 
fluorescence intensity of pHluorin2 at an excitation at 395 nm and an increase in 
fluorescence intensity at the excitation at 475 nm (Figure 17). To ensure a vesicular 
localization of pHluorin2, it was fused to VAMP-2/synaptobrevin as described before 





Single z-stacks were recorded at a Zeiss LSM780 microscope using three different 
excitation wavelengths: 560 nm for mCherry and 488 as well as 405 nm for the 
ratiometric protein synapto-pHluorin2.  
Afterwards, vesicles were detected in the 
mCherry (= ClC-5) channel using a MATLAB 
script kindly provided by A. Alekov (Hannover 
Medical School). Then, the fluorescence 
intensity of those vesicles was measured in the 
488 nm and 405 nm channel, respectively and 
the mean F488/F405 ratio of all endosomes of 
each cell was determined. Calculating the ratio 
of F488/F405 enabled the experimentator to 
examine the pH independently on the 
fluorescence intensity, thus allowing a comparison of cells with different expression 
levels. In order to calculate the actual pH from the measured ratio, a calibration curve 
was needed. For this purpose, cells only transfected with synapto-pHluorin2 were 
incubated for 10 min in pH buffer ranging from pH 6 to pH 8 containing 10 µM nigericin 
(a K+/H+ ionophore that permeates the cell membrane to ensure equilibration of intra- 
and extracellular pH). Then, the fluorescence in the two channels (excitations at 488 and 
405 nm) was recorded. To determine the F488/F405 ratios at the specific pH, cell 
membrane regions stained with pHluorin2 (as indicated in Figure 18 D) were chosen, 
encircled and the fluorescence ratio was measured using Fiji ImageJ.  
 
Figure 17: pH dependent fluorescence 
emission spectrum of pHluorin2 (modified 
from Mahon, 2011).  
Excitation scans of pHluorin2 expressed in 






Figure 18: Workflow and calibration for analysis of vesicular pH using pHluorin2 (based on Ruhe et al., 2017).  
A) Localization of ClC-5 mCherry (red) and synapto-pHluorin2 (green) in transiently transfected HEK293T cells. B) 
Representative image of vesicles detected by the analysis software (encircled). Particles in the mCherry channel were 
detected and the fluorescence intensity ratio F488/F405 was calculated. C) Calibration curve of synapto-pHluorin2. 
HEK293T cells transiently expressing synapto-pHluorin2 were maintained in solution of specific pH containing 10 µM 
nigericin. Regions along the plasma membrane were chosen to calculate the F488/F405 ratio as depicted in D). N=11 







 Intoxication, labeling, and internalization assay of TcdA 
 Intoxication of cells with C. difficile toxin TcdA  
In order to examine the effect of ClC-5 on the internalization of TcdA, cells were 
intoxicated with the TcdA. The EGFP-tagged and fluorescently untagged TcdA was 
kindly provided by A. Olling and R. Gerhard (Institute for Toxicology, Hannover Medical 
School).  
Because the toxin is internalized in the host cell via endocytosis, the subcellular 
localization of TcdA was determined. Furthermore, its colocalization with mCherry-
tagged WT ClC-5 or E268Q ClC-5 was analyzed. Therefore, HEK293T or HT-29 cells 
transiently expressing one of the above mentioned proteins were kept on ice in 
Leibovitz-L medium to inhibit endocytosis. Then the medium was replaced by Leibovitz-L 
medium containing 200 nM TcdA-EGFP (or labeled TcdA) and incubated on ice for 45 or 
75 min. Internalization was initiated by transferring the cells to 37°C for the indicated 
time period. Unbound toxin was washed off three times with PBS. For live cell analysis, 
cells were transferred into Tyrode’s solution and the fluorescence was visualized under 
the microscope. Alternatively, cells were fixed and mounted as described in 2.2. 
 C. difficile toxin internalization assay 
To measure the amount of internalized TcdA, the primary amino groups of full length 
TcdA were labeled using the Atto425 Protein Labeling Kit according to the 
manufacturer’s protocol (as described in section 2.6.32). HEK293 cells stably expressing 
mCherry, ClC-5-mCherry or E268Q ClC-5-mCherry were incubated on ice in Leibovitz-L 
medium for 15 min. Then 200 nM of labeled toxin was added for 45 min on ice followed 
by 5 min at 37°C. The unbound toxin was then washed off three times with PBS. Finally, 
cells were resuspended in 2 ml Tyrode’s solution and the fluorescence of the labeled 
TcdA was analyzed at 425 nm excitation and an emission of 440–650 nm in a Fluorolog-
3 spectrofluorometer (Horiba Jobin Yvon, Germany). Afterwards, the absorbance of the 
samples was measured at 560 nm using a Victor3 multilable reader (PerkinElmer, USA). 
To determine the amount of cells in the sample, calibration curves for the absorbance at 
OD560 for each different cell line were performed. Therefore, cells were separated using 





After a centrifugation step at 300 x g for 3 min, cells were washed once with PBS and 
centrifuged again (3 min at 300 x g). The pellet was then resuspended in 3 ml Tyrode’s 
solution and the number of cells was counted using a neubauer chamber and diluted to 
the indicated concentrations. 
 
Figure 19: Calibration curve for the absorbance at 
OD560 of HEK293 cells stably overexpressing ClC-5-
mCherry, E268Q ClC-5-mCherry, or mCherry alone 
(based on Ruhe et al., 2017). 
Calibration curves of the absorbance at OD560. Two 
dilution series for each cell line were performed. The 
results shown are means ±SEM. 
 
 
 Fluorescent labelling of primary amino groups of TcdA 
To fluorescently label the primary amino groups of TcdA, the Atto425 Protein Labeling 
Kit (Jena Bioscience GmbH, Germany) was used following the manufacturer’s protocol. 
In brief, sodium biocarbonate was added to the toxin to a final concentration of 100 mM. 
Then the labeling dye (0.5 µg/µl solved in Dimethylformamide) was added in a 10:1 ratio 
of TcdA to labeling dye. The mixture was then incubated for 1 h at RT in the dark on a 
shaker. Finally, the residual free dye was removed from the labeled toxin using a PD 








 ClC-5 siRNA knockdown 
To reduce the endogenous expression levels of ClC-5 in HT-29 cells, the ON-
TARGETplus Human CLCN5 (Id: 1184) siRNA SMART pool and as negative control the 
ON-TARGETplus Non-targeting Pool (Dharmacon, USA) were used. One day before 
transfection, cells were seeded on glass precoated with Poly-L-lysine (Sigma-Aldrich, 
USA). Then 10 nM or 20 nM of siClC-5 and 20 nM of control siRNA were transfected. 
Medium was changed 24 h after transfection and cells were analyzed three days after 
transfection. For microscopic analysis of cells intoxicated with TcdA, a plasmid carrying 
the coding sequence of the leucocyte antigen CD-8 was cotransfected. To verify the 
knockdown of ClC-5, RNA was extracted using the Isol-RNA Lysis Reagent (5PRIME, 
Germany). Cells were scraped off the plate and washed once with PBS. Then Isol-RNA 
Lysis Reagent was added and RNA was extracted according to the manufacturer’s 
protocol. The integrity of the RNA was checked on a 2% agarose gel and its 
concentration was measured using a Nanodrop Photometer (Thermo Fischer Scientific, 
USA). To remove genomic DNA contamination, a DNaseI digestion was performed 
using the RQ1 RNase-Free DNase (Promega, USA) according to the protocol. The 
cDNA was generated with the AMV First Strand cDNA Synthesis Kit (New England 
Biolabs, England). Finally, the level of ClC-5 mRNA was analyzed using appropriate 
forward (ClC-5 forw) and reverse primers (ClC-5 rev) (for primer sequence please refer 
to Supplementary Table 9). Expression levels were normalized to the housekeeping 
gene phosphoglycerate kinase 1 (PGK1) (Jacobsen et al. 2014). For PGK1, the forward 
(PGK1 forw) and reverse primers (PGK1 rev) were used. A quantitative RT-PCR was 
carried out using PowerUP SYBR Green Master Mix (Thermo Fisher Scientific, USA) in 
triplicates with ClC-5 and PGK1 primers. The expression levels of ClC-5 were 
normalized to PGK1 levels and the 2-ΔΔCT was calculated (Livak and Schmittgen, 2001). 
To analyze the cytopathic effect of TcdA on HT-29 cells with reduced levels of ClC-5, 
cells were incubated with 3 nM TcdA (3 h at 37°C) 72 h after the transfection, and the 
percentage of rounded cells to cells with healthy morphology was calculated. To identify 
HT-29 cells with a high probability of transfection with siRNA, cells were cotransfected 
with a plasmid encoding the CD8 antigen and incubated before with polystyrene 






Only cells decorated with microbeads were then analyzed for rounding. To exclude any 
possible bias by the investigator, the rounding of cells carrying beads was also counted 
by a non-scientific person in a blinded control test. The outcome of the two tests was 
identical. 
 
 Endocytosis assay 
To examine the rate of receptor-mediated and fluid phase endocytosis in HEK293T cells 
overexpressing WT ClC-5-mCherry, or R516W, N408E and N408A ClC-5-mCherry, 
albumin (Sigma Aldrich, USA) labeled with Atto425 NHS-ester and CF488A labeled 
dextran (Biotium, USA) were used. Cells were transfected with 5 µg plasmid DNA. 48 h 
after transfection, cells were firstly starved in serum free medium for 1 h before 50 µg/ml 
albumin or dextran were added. Cells were then incubated for 5 min at 37°C before they 
were washed, trypsinized, and the fluorescence of internalized albumin or dextran was 
analyzed at 425 nm excitation and an emission of 440 – 650 nm in a fluorolog-3 
spectrofluorometer (Horiba Jobin Yvon, Germany). As reference sample for unspecific 
binding, cells were incubated for 1 min on ice with albumin or dextran and the 
fluorescence intensities from the 1 min incubation were subtracted from the 5 min 
incubation samples. To ensure that differences in the fluorescence intensity were not 
due to differences in cell density, the fluorescence intensity was normalized to the 
absorbance at OD750. To confirm that the cell density was still in the linear portion of the 
curve, a dilution series was performed (Figure 20).   
 
Figure 20: Cell density curve at OD750.  
HEK293T cells were counted and the OD750 of a dilution series 
was measured to investigate the linear portion of the density 







In the following chapters, the role of ClC-5 in the endocytosis, the toxicity of TcdA and 
the influence of glycosylation on the trafficking of ClC-5 positive endosomes will be 
examined. 
 ClC-5 promotes toxicity of TcdA in HT-29 cells 
As described previously, the toxins of C. difficile need to overcome the host’s 
endocytosis machinery in order to gain access to the cytosol (for review see Rupnik et 
al., 2009). In the first part of this study, the functional relationship between the 
chloride/proton antiporter ClC-5 and TcdA in the human colon cancer cell line (HT-29) 
cells was investigated.  
 ClC-5 is correctly expressed and located on endosomes in HT-29 
cells  
Because ClC-5 is poorly described in HT-29 cells, it was necessary to first ensure its 
correct synthesis and processing. Therefore, proteins of the mCherry-tagged ClC-5 were 
either examined in transiently expressing HT-29 and HEK293T (human embryonic 
kidney) cells. Whole cell protein lysates were investigated using SDS-PAGE (see Figure 
21). Two bands between around 90-120 kDa 
were detected, indicating that the ClC-5 protein 
is present as a complex (120 kDa) as well as a 
core- and non-glycosylated (90 kDa, Figure 21, 
asterisk) protein in both cell lines. Since 
N-glycosylation is predicted to add only 2.5 kDa 
to the protein, the used SDS-gel did not allow to 
distinguish between the core- and the non-
glycosylated protein (Kornfeld and Kornfeld, 
1985). It is worth noticing, that in HEK293T 
cells, the complex glycosylated band is less 
dense than the core-and non-glycosylated 
band.  
 
Figure 21: Expression of ClC-5-mCherry in 
HT-29 and HEK293T cells (modified from 
Ruhe et al., 2017).  
SDS page of protein lysates from HT-29 and 
HEK293T cells transiently expressing ClC-5 
mCherry. On a 10% SDS gel, 60 µg of protein 
was loaded for HT-29 and 30 µg for HEK293T 
cells. + indicate the complex glycosylated and * 
the core- and non-glycosylated form. The first 
lane shows a fluorescent marker with defined 





At the same time, in HT-29, the complex and core-and non-glycosylated form of the ClC-
5 protein appear in a similar manner, indicating that the process of glycosylation is more 
efficient in HT-29 cells.  
Then, the subcellular localization of YFP-tagged ClC-5 in transiently transfected HT-29 
cells was investigated with a confocal microscope (see Figure 22). It was predominantly 
located in endosomes and to a smaller amount at the PM and in an ER-like structure. 
ClC-5 positive vesicles were highly motile particles with a great variance in size. 
 
Figure 22: Localization of ClC-5-EYFP in HT-29 cells.  
A-C) Representative confocal images of HT-29 cells transiently expressing YFP-tagged ClC-5. Single Z- slides are 
depicted and scale bars represent 10 µm. 
 
 Knockdown of ClC-5 decrease cytopathic effect of TcdA 
Previous experiments in HEK293 cells stably overexpressing WT or E268Q ClC-5 
mCherry showed that these cells were more susceptible towards intoxication of TcdA 
(and TcdB). Intoxication resulted in an increased cytopathic effect in WT or E268Q 
ClC-5 overexpressing cells as compared to mock cells (see Figure 11) (Ruhe et al., 
2017).  
To ensure that the increased cytopathic effects of TcdA on cells expressing ClC-5 were 
not due to overexpression effects, endogenously expressed ClC-5 mRNA levels were 
reduced by siRNA targeting human ClC-5 (siClC-5). The successful knockdown of ClC-5 
mRNA in HT-29 cells was first tested using quantitative RT-PCR (qRT-PCR). Levels of 
ClC-5 were normalized to the housekeeping gene PGK1 (Jacobsen et al., 2014). Levels 
of ClC-5 mRNA were reduced by 40% and 60% when transfected with 10 or 20 nM 








Figure 23: Efficacy of ClC-5 mRNA knockdown by small 
interfering RNA (siRNA) in HT-29 cells (modified from Ruhe et 
al., 2017).  
ClC-5 was knocked down by siRNA targeted against human ClC-5 
(siClC-5). As negative control, non-targeting siRNA was used. The 
result of the qRT-PCR of HT-29 cells transiently transfected with 
20 nM control siRNA or 10 and 20 nM siClC-5. Relative ClC-5 
mRNA levels were measured against PGK1 and normalized to the 
value of the control cells. Mean values of three experiments ±- 
SEM are shown. 
 
In a next step, cell rounding as a result of the cytopathic effect of TcdA in ClC-5 
knockdown cells was examined. Therefore, cells were transfected with siClC-5 and 
pLeu2-CD8 and intoxicated with 3 nM TcdA. In order to distinguish between transfected 
and untransfected cells, cells were preincubated with magnetic dynabeads which bind 
specifically to the CD-8 antigene (Figure 24 A). The percentage of roundish cells 
compared to cells with healthy morphology was then analyzed. The outcome of the cell 
counting might be influenced by the experimenter. To exclude any possible bias, the 
cells were also counted by a non-scientific person who was not aware of the nature of 
the research and the possible outcome. As expected, the results were the same.  
 
Figure 24: ClC-5 knockdown decreases TcdA cytotoxicity (Modified from Ruhe et al., 2017).  
Endogenously expressed ClC-5 mRNA was downregulated by siClC-5. HT-29 cells were cotransfected with pLeu2-
CD8 and either 20 nM non-targeting siRNA (control) or with 10 or 20 nM siClC-5. Cells were intoxicated with 3 nM 
TcdA and cell rounding as result of the cytotoxic effect was examined. (A) displays representative widefield images of 
transfected HT-29 cells. Black dots represent IgG-CD8-loaded dynabeads, indicating transfected cells. The 
percentage of roundish cells is shown in (B). Scale bars represent 40 µm. n=3 petri dishes. Significance was tested 





The downregulation of ClC-5 caused a significant decrease in the cytopathic effect 
compared to cells treated with control siRNA by approximately 10% (Figure 24 B). This 
indicates that cells without ClC-5 are less sensitive to the toxin and it supports the theory 
that ClC-5 promotes intoxication effects of TcdA. 
  ClC-5 is located to early endosomes 
Because TcdA is internalized and processed in endosomes (Pruitt and Lacy, 2012), the 
next aim of this study was to examine the localization of ClC-5 in HT-29 cells in the 
endosomal pathway. So far, it has been described that ClC-5 is present on early 
endosomes in rat kidney cells (Günther et al., 1998). To investigate the endosomal 
presence of ClC-5, its colocalization with different members of the Rab-family was 
examined. Rab proteins are small GTPases widely used as markers of different 
endosomal stages (Chavrier et al., 1990; Feng et al., 1995; Urbé et al., 1993): Rab5 and 
Rab4a for early endosomes (Sönnichsen et al., 2000), Rab7 for late (Feng et al., 2010) 
and Rab11 for recycling endosomes (Sönnichsen et al., 2000; Ullrich et al., 1996). Three 
different Rab5 variants were available: The wildtype (WT, cycles between GTP and GDP 
bound form), dominant negative (DN, locked in GDP conformation) and constitutive 
active (CA, GTP bound). The GTP bound form of Rab5 has been reported to be more 
membrane-associated whereas the GDP-bound form is cytoplasmic (Stone et al., 2007). 
Here, the spatial overlap of ClC-5 with all three Rab5 variants was examined (Figure 
25). Since a colocalization of ClC-5 with Rab5CA was already shown in kidney epithelial 
cells (Günther et al., 1998), Rab5WT and Rab5DN were used as additional controls. In 
all three cotransfections, ClC-5 was located to small vesicular structures. Rab5WT was 
also situated on endosomes, Rab5DN was diffusely present and Rab5CA was located 
on larger vesicular structures (Figure 25 A, C, and E). The images with the overlay 
indicate greater colocalization of ClC-5 with the Rab5WT and CA. In order to quantify 
the colocalization, a colocalization analysis was performed, using the Fiji Plugin 
SQUASSH (Rizk et al., 2014). This analysis allows evaluation of the colocalizing pixels 
of detected objects in the used fluorescence channels. First, the program identifies 
objects in both fluorescence channels separately. Then the colocalization coefficient of 





For the object based calculation, the amount of overlapping objects from one channel is 
divided by the total amount of objects in this channel. In the size based analysis, only 
overlapping objects are considered and the number of colocalizing pixels divided by the 
total number of object-related pixels in this channel is calculated. The program always 
gives two values for each analysis: Objects from channel 1 colocalizing with objects from 
channel 2 and vice versa.  
A perfect colocalization would result in a colocalization coefficient of 1 (=100%). For a 
more detailed and graphical description, please refer to Figure 13 and the section 2.3.3 
in the methods part.  
The object based analysis in Figure 25 showed that ClC-5 colocalized most strongly with 
Rab5CA objects (over 30% represented by a colocalization coefficient of 0.3) followed 
by Rab5WT objects (around 30%). For the DN mutant, only two cells showed a distinct 
colocalization of ClC-5 with Rab5 objects. Nearly no overlap was detected between 
ClC-5 objects with Rab5DN objects. This may be a result of the different localization of 
ClC-5 and Rab5DN (Figure 25 C): ClC-5 is mostly on punctuating structures and 
Rab5DN is diffusely localized. In the analysis, Rab5DN objects were bigger than ClC-5 
objects. The size based colocalization indicated that, in half of the analyzed cells, the 
area of overlap was also quite small. As mentioned above, the size based colocalization 
coefficient indicates the area of colocalizing pixels over the total size of objects in the 
specific channel. The colocalization was defined as “good” if the object based 
colocalization was similar in both channels and the size based colocalization was high. 
Since this indicated that both proteins were situated in similar compartments and the 
localization pattern was also alike. Based on these issues, the colocalization between 
ClC-5 and Rab5CA was the highest followed by ClC-5 overlapping with Rab5WT. The 
Rab5DN mutant was overlapping to a smaller amount with ClC-5. Overall, the findings 
showed a distinct colocalization of ClC-5 with Rab5WT, Rab5CA and a smaller 
colocalization with Rab5DN, supporting previous findings on the presence of ClC-5 on 






Figure 25: Colocalization of ClC-5 with different mutants of Rab5 (Rab5WT, Rab5CA, and Rab5DN) in HT-29 
cells (modified from Ruhe et al., 2017). 
A), C), E) Representative dual color confocal images showing the localization of ClC-5-EYFP (green) together with 
one of the three Rab5 variants: Rab5WT-RFP (A), Rab5DN-mCherry (C) or Rab5CA-mCherry (E) (all three Rab5s in 
red). B), D), F) Box plot summarizing the results from an object (left) and size based (right) colocalization analysis. 
Objects in both fluorescence channels were detected and the colocalization coefficients of overlapping objects (object 
base) and fractions of colocalizing objects (size base) were calculated. The channels were defined as Rab5WT-, 
Rab5DN-, Rab5CA- and ClC-5 as depicted in (A), (C) and (E). N = 6 cells for the RabWT and Rab5DN as well as n=9 






To further characterize the presence of ClC-5 in the endocytic cycle of HT-29 cells, 
mCherry tagged ClC-5 was coexpressed with additional endosomal markers (GFP-
tagged Rab7, Rab11 and Rab4a) (Figure 26). Rab7 and Rab11 were present in 
vesicular compartments whereas Rab4a was also located in the cytosol. The object 
based colocalization was calculated and revealed a distinct overlap between ClC-5 and 
Rab7 (around 24%, Figure 26 D). In addition, ClC-5 partially overlapped with Rab11 
(9%). Only a few Rab4a objects colocalized with ClC-5 objects (4%), but a higher 
amount of ClC-5 objects overlapped with Rab4a (36%), due to the diffusely located 
Rab4a.  
Overall, the results indicate that ClC-5 was also localized on late, Rab7-positive 
endosomes and to a very small extend on recycling, Rab11-positive endosomes. 
 
Figure 26: Colocalization of ClC-5 with Rab7, Rab11 and Rab4a in HT-29 cells (modified from Ruhe et al., 
2017) 
A)-C) Single z-slides of representative confocal images of HT-29 cells cotransfected with ClC-5-mCherry (red) and 
either Rab7-, Rab11- or Rab4a-EGFP (all in green), respectively. D) Box plot summarizing the results from an object 
based colocalization analysis. Objects in both fluorescence channels were detected and the colocalization coefficients 
of overlapping objects were calculated. The fluorescence channels were defined as Rab7, Rab11 or Rab4a and ClC-
5. N=10 cells for Rab7 as well as n=11 cells for Rab4a and n=16 cells for Rab11. Single cells (•), mean (◊), and 
median (─). Transfection and microscopy was performed by R. Abromeit, Image processing and colocalization 





 The non-transporting E268Q ClC-5 is also localized on early 
endosomes  
Endosomal acidification is crucial for the toxicity of C. difficile toxins as TcdA and TcdB 
undergo a conformational change upon acidification (Pruitt et al., 2010; Qa’Dan et al., 
2000), finally leading to the release of the enzymatically active N-terminus into the 
cytosol (Barth et al., 2001; Giesemann et al., 2006; Schwan et al., 2011). There is 
evidence that ClC-5 promotes endosomal proton accumulation in early endosomes of 
the proximal tubule (Hara-Chikuma et al., 2005) as well as in HEK293 cells (Smith and 
Lippiat, 2010). Combining the facts that the toxins need acidification for their 
conformational change and that ClC-5 promotes acidification led to the theory that the 
ability of ClC-5 to promote changes in pH might be the cause for the increased 
susceptibility towards the toxins of C. difficile. In order to investigate this idea, the non-
transporting mutant E268Q ClC-5 was used. The so called proton-glutamate is 
neutralized in this mutant. In mammalian cells, this mutation resulted in the loss of 
proton and chloride transport (Grieschat and Alekov, 2012; Smith and Lippiat, 2010; 
Zdebik et al., 2008). The first step was to 
identify the subcellular localization of the 
E268Q mutant in HT-29 cells (Figure 28 A and 
B) followed by the analysis of its colocalization 
to early endosomes (marked as Rab5WT and 
Rab5CA) (Figure 27 A-D). Similar to the WT, 
E268Q ClC-5 was present on endosomes, in an 
ER-like structure and in the PM.  
The colocalization analysis showed that approximately 30% of identified ClC-5 objects 
colocalized with both, Rab5WT and Rab5CA as well as 50% of Rab5WT or Rab5CA 
objects overlapped with ClC-5. Furthermore, the identified objects were a lot alike as the 
size based colocalization showed that at least 50% of the total size of objects was 
overlapping (Figure 28 B, D).  
In conclusion, the E268Q mutant did not altered the subcellular distribution of ClC-5. 
Like WT ClC-5, it was located to the ER, the PM, and showed a distinct colocalization to 
early endosomes, marked with Rab5WT and Rab5CA in HT-29 cells. 
 
Figure 27: Subcellular localization of E268Q 
ClC-5 in HT-29 cells (modified from Ruhe et al., 
2017. 
A and B) Representative confocal images 
(maximum intensity projections) from HT-29 cells 
transiently transfected with E268Q ClC-5-EYFP. 







Figure 28: Colocalization of the non-transporting mutant E268Q ClC-5 with Rab5WT and Rab5CA.  
A), B) C), E) Single z-slices of representative confocal images showing the localization of E268Q ClC-5-EYFP (in 
green) together with either Rab5WT-RFP (C) or Rab5CA-mCherry (E) (both Rab5s in red) in HT-29 cells. D, E and F) 
Box plots summarizing the results from object-based and size-based colocalization analysis. Objects in the two 
fluorescence channels were identified and the colocalization coefficients were calculated. The fluorescence channels 
were defined as Rab5WT or Rab5CA and ClC-5. N=7 cells for Rab5WT and n=4 cells for Rab5CA were analyzed. 
Single cells (•), 25 – box), mean (◊), median (─) as well as 99 % and 1 % (X)). Scale bars correspond 






 TcdA colocalizes with ClC-5 
C. difficile’s toxins TcdA and TcdB enter the host cell via clathrin-dependent and 
independent endocytosis pathways (Gerhard et al., 2013; Papatheodorou et al., 2010). 
Therefore, the toxins have to use the hosts’ endocytotic machinery to gain access into 
the cell. After being internalized, the toxin is located in endosomes, and since ClC-5 is 
situated on early and late endosomes, it was expected that TcdA and ClC-5 colocalize to 
some extent. First, to investigate the internalization of EGFP-tagged TcdA in HT-29 cells 
transiently overexpressing ClC-5, cells were incubated with the toxin and the 
fluorescence of EGFP-TcdA and ClC-5-mCherry was visualized under a confocal 
microscope (Figure 29 A). The toxin was bound to the surface membrane and also 
located in intracellular vesicles. To analyze the amount of colocalizing ClC-5 and TcdA 
objects, a colocalization analysis was performed. Around 30% of TcdA objects 
colocalized with ClC-5 objects, with an overlapping area of approx. 40% of the total area 
of TcdA objects (Figure 29 A and B). Less ClC-5 objects colocalized with TcdA objects 
(around 15%) and the area of overlapping objects was also smaller (also approx. 15%) 
than compared to TcdA objects. Nevertheless, this indicated a distinct colocalization of 
TcdA and ClC-5. Yet, the major amount of toxin was restricted to the cell membrane and 
only little was internalized in ClC-5 expressing cells (Figure 29 A). 
 
 
Figure 29: Internalization of TcdA-EGFP and colocalization with ClC-5 in living cells (modified from Ruhe et 
al., 2017).  
A) Representative dual color confocal image showing the localization of TcdA-EGFP and ClC-5-mCherry in HT-29 
cells. Cells transiently expressing mCherry-tagged ClC-5 (red) were incubated with TcdA-EGFP (green).B) Box plot 
summarizing the results from an object- (left) and size-based (right) colocalization analysis of images as depicted in 
(A). Objects in the two fluorescence channels were identified and the colocalization coefficients were calculated. The 
two channels were defined as ClC-5- and TcdA-containing objects. N=6. Single cells (•), mean (◊), and median (─). 
Scale bars correspond to 10 µm. Cell culture and microscopy was performed by R. Abromeit, image processing and 





In order to examine the kinetics of intoxication, HT-29 cells transiently expressing ClC-5 
mCherry were intoxicated with EGFP-tagged TcdA at 37°C and internalization was 
stopped by fixation of the cells after 0, 8 or 15 minutes (Figure 30). Independent of the 
time of internalization at 37°C, the images showed nearly no TcdA intracellularly. Most 
of the toxin was bound to the PM, whereas ClC-5 was situated inside the cell. The 
colocalization analysis of ClC-5- and TcdA- objects was also performed and showed a 
weak colocalization (Figure 30 C). The object based colocalization analysis also showed 
a very small amount of colocalizing objects in all three time steps. Only at the 8 min 
internalization step, the area of overlapping pixels from the few detected overlapping 
objects was slightly higher than at the other timer intervals. Because live cell images 
proofed that the toxin was endocytosed in HT-29 cells (see Figure 29 A), the lack of 
intracellularly detected TcdA might be a result of the fixation procedure. 
 
Figure 30: Localization of TcdA-EGFP and ClC-5 in fixed HT-29 cells (modified from Ruhe et al., 2017).  
A), B) Representative confocal images of fixed HT-29 cells transiently transfected with ClC-5-mCherry (red) and 
intoxicated with TcdA-EGFP (green). Cells were fixed immediately upon toxin incubation (A) or after 15 min incubation 
at 37°C (B). C) Box plot summarizing the results from an object- (left) and size based (right) colocalization analysis. 
Objects were detected in the two fluorescence channels and the colocalization coefficient of overlapping objects 
(object based) or the area of overlapping objects (size based) colocalization was calculated. The channels were 
defined as ClC-5 and TcdA. N=8 cells for 0 and 8 min and n=10 cells for 15 min of toxin internalization. Single cells 





These findings raised the question if the small amount of internalized TcdA that was 
detected in living cells was also a result of a destructed EGFP-fluorescence. As a control 
and in order to circumvent the problem of destructed or quenched EGFP-tagged TcdA, 
untagged toxin was used and labeled with an Atto425 NHS-ester dye to fluorescently 
label TcdA and visualized in HT-29 as well as HEK293T cells (see Figure 31). In this 
case, cells were not fixed but living cells were used for confocal imaging. It is worth 
noticing, that compared to the EGFP-tagged TcdA that was internalized in living cells 
(see Figure 29), Atto425-labeled TcdA resulted in a more diffuse intracellular 
localization, especially in HT-29 cells. Additionally, the toxin was less membrane-bound. 
The colocalization analysis of ClC-5 objects and objects of the labeled toxin showed a 
smaller object and size based colocalization coefficient (under 10% in HT-29 and 
HEK293 cells) (Figure 31 C and D) than the EGFP-tagged toxin (around 30% of TcdA 
objects colocalized with ClC-5 objects in HT-29 cells, and 10% of ClC-5 with TcdA 
objects) (Figure 29 C).  
In conclusion, the fixation of cells intoxicated with EGFP-TcdA resulted in the loss of the 
fluorescence intensity of intracellular toxin. Labeling TcdA with the Atto425 NHS-dye 
caused a diffuse subcellular localization of the toxin. This leads to the assumption that 
the initial attempt, to measure the colocalization of EGFP-TcdA and ClC-5-mCherry in 
living cells was the best approach to determine the colocalization coefficient of both 







Figure 31: Localization of ClC-5 and labelled TcdA  
A), B) Representative dual color confocal images of living HEK293T (A) and HT-29 (B) cells transfected with ClC-5 
YFP (red) with internalized Atto425-labeled TcdA (green). A 45 min (HEK293T) or 70 min (HT-29) incubation with 
Atto425-TcdA on ice was followed by 5 min incubation step at 37°C. C and D) Box plot summarizing the results from 
an object (left) and size based (right) colocalization analysis. 4 cells for each cell line were analyzed. Single cells (•), 
mean (◊), and median (-). The two channels were defined as ClC-5 and TcdA containing objects. Scale bars 





 Internalization of TcdA in WT or E268Q ClC-5 cells  
The increased susceptibility of ClC-5 expressing cells towards TcdA and TcdB might be 
a result of a higher amount of toxin internalized in these cells. In order to investigate the 
amount of endocytosed and membrane bound TcdA, HEK293 cells stably expressing 
WT or E268Q ClC-5-mCherry, or mCherry alone (as a control) were intoxicated with 
Atto425 labeled TcdA. Stably transfected HEK293 cells were used, because the attempt 
to create stably transfected HT-29 was not successful and for this approach, it was 
necessary that all cells were overexpressing one of the ClC-5 variants or mCherry. The 
fluorescence of the labeled toxin was then measured and normalized to the amount of 
cells in the sample (the calibration curve for the absorbance is depicted in Figure 19). 
The fluorescence spectrum as well as the fluorescence intensity at 490 nm (Figure 32, 
inset) showed that there was significantly more toxin internalized in cells expressing WT 
or E268Q ClC-5. Yet, the amount of TcdA was twice as much in WT ClC-5 cells than in 






Figure 32: WT or E268Q ClC-5 increase endocytosis of TcdA 
(modified from Ruhe et al., 2017).  
The fluorescence intensity of TcdA per cell is shown. HEK293 
cells stably expressing mCherry (blue), ClC-5-mCherry (WT, 
black), or E268Q ClC-5-mCherry (red) were intoxicated with 
200 nM TcdA, labeled with Atto425. N=9 petri dishes for WT and 
E268Q ClC-5–mCherry and n=10 petri dishes for mCherry on two 
different days. Inset represents a box plot of normalized 
fluorescence intensity (FI) at 490 nm emission. Single cells (•), 
mean (■), and median (-). *indicates a significant difference 
between two data sets. The significance was tested using a two-





 WT and E268Q ClC-5 promote endosomal acidification 
In addition to a higher amount of internalized toxin, it is also possible that the toxin is 
processed faster due to a lower pH in ClC-5 expressing cells. In order to test this theory, 
vesicular pH measurement in WT and E268Q ClC-5 overexpressing cells were 
performed. Consequently, HEK293T cells were transiently co-transfected with either WT 
ClC-5-mCherry or E268Q ClC-5-mCherry together with the pH-sensitive fluorescence 
protein synapto-pHluorin2 (Mahon, 2011, Südhof, 1995). 
The (co-) localization of synapto-pHluorin2 and ClC-5 is depicted in Figure 17 A. Based 
on the measured ratios and the calibration curve (see Figure 17) the actual pH of cells 
expressing WT or E268Q ClC-5, or the control (synapto-phluorin2 alone) was calculated 
(Figure 33). WT and E268Q ClC-5 showed a similar pH, which was significantly lower 
than in control cells.  
 
 
In summary, the investigations on the role of ClC-5 for TcdA intoxication showed that 
ClC-5 promotes intoxication by TcdA by an increased endocytosis of toxin. In addition, 
the more acidic pH in ClC-5 positive endosomes might further accelerate toxin 
processing, thus increasing its toxicity. 
  
 
Figure 33: ClC-5 promotes acidification (modified from Ruhe 
et al., 2017).  
Analysis of vesicular pH of HEK293T cells transiently 
co-expressing WT or E268Q ClC-5-mCherry and synapto-
pHluorin2 or solely expressing synapto-pHluorin2 (control). N=46 
cells for WT ClC-5, n=44 cells for E268Q ClC-5 and n=34 cells for 
the control. The results shown are means ±SEM. * indicates a 
significant difference between the control and the sample. The 
significance was tested using a student’s t-test and significance 





 Tool to study endosomal motility with regard to the pathophysiology 
of Dent’s disease 
Endocytosis is a crucial cellular process to maintain homeostasis for instance of 
membrane bound proteins (as reviewed in Maxfield and McGraw, 2004), but it also 
presents an entrance for pathogens to invade the host cell. In the previous chapter, it 
was demonstrated that ClC-5 plays an important role in the intoxication of toxins from C. 
difficile. However, not only endocytosed toxins can cause diseases, but also a 
malfunctioning endocytosis pathway caused by mutations in the CLCN-5 gene can lead 
the kidney related Dent’s disease (Wrong et al., 1994). ClC-5 positive endosomes are 
highly motile vesicles. Multiple Dent’s disease causing mutations of ClC-5 are retained in 
the ER and show a disrupted electrochemical behavior with reduced or aborted 
exchange of protons and chloride (Smith et al., 2009). Additionally, many of these 
mutations have an impaired glycosylation pattern which led to the hypothesis that 
endosomal trafficking might be influenced by the glycosylation status of ClC-5. 
Therefore, the second part of this study focused on the trafficking and motility of ClC-5 
endosomes. In order to understand the role of glycosylation in this process, the Dent’s 
disease causing ClC-5 mutant R516W was used and two artificial glycosylation deficient 
mutants were generated (N408E and N408A). In a next step, the particle movement was 
analyzed by TIRF microscopy followed by particle tracking and data analysis, and finally 
the endosomal pH and the endocytosis rate were measured. 
 Generation of N-glycosylation deficient ClC-5 mutants 
Glycosylation is a crucial posttranslational modification that is involved in intercellular 
communication, adhesion, and migration (Bard and Chia, 2016). It occurs in the ER and 
Golgi and is characterized by the attachment of branched sugar polymers. In Xenopus 
laevis, ClC-5 was shown to be N-glycosylated. In general, there are two types of 
glycosylation: Core and complex. The core glycosylation is composed of glycans that 
are attached to the protein in the ER. Upon further trafficking into the Golgi, these 
glycans are modified, completing the complex glycosylation (Lodish et al., 2000). 
Glycosylation has been shown to be crucial for the transport of ClC-5 to the PM 
(Schmieder et al., 2007). Multiple Dent’s disease mutations result in proteins that have 





Using the NetNGlyc 1.0 Server (Blom et al., 2004) to predict possible N-glycosylation 
sites based on the glycosylation motif Asn-X-Ser/Thr, two possible N-glycosylation sites 
at asparagine (Asn) 38 and 408 (Figure 34) were revealed. Since the Asn at position 
408 has been already reported to be important in Xenopus laevis for the glycosylation of 
ClC-5 (Schmieder et al., 2007), the glycosylation-deficient ClC-5 variants were 
generated introducing a mutation at this particular position.  
Using the Quick-Change mutagenesis, the asparagine (N) was replaced by a nonpolar 







 The mutants R516W, N408E, and N408A ClC-5 are not complex 
glycosylated 
As mentioned before, the WT ClC-5 protein has been described to be complex 
glycosylated (Schmieder et al., 2007). In general, during the maturation of the protein, 
unmodified glycans (high-mannose N-glycans) are attached to the protein in the ER and 
complex N-glycans are a result of further processing in the Golgi. Therefore, the 
glycosylation status might indicate if the protein is trafficked correctly (Freeze and Kranz, 
2010; Magnelli et al., 2011). Using the endoglycosidases Endo H and PNGase F, 
glycosylation of the different ClC-5 constructs was examined. Endo H cannot cleave 
N-linked complex-glycan whereas PNGase F can cleave complex, high-mannose 
residues. Therefore, protein lysates from HEK293T cells transiently transfected with WT, 
R516W, N408E, or N408A ClC-5-mCherry were digested with Endo H and PNGase F, 
respectively (Figure 35). In the untreated WT ClC-5 sample, two bands between 
90-120 kDa were visible.  
 
Figure 34: Possible N-glucosylation sites in the 
human ClC-5 protein predicted by the NetNGlyc 1.0 
Server(Blom et al., 2004). 
The server predicts N-glycosylation sites based on the 
motiv Asn-X-Ser/Thr. Two possible positions were 
detected at the amino acids 38 and 408. The Asn (N) is 





Only PNGase F was able to cleave the modified glycans, indicating that WT ClC-5 was 
complex glycosylated. Densiometric analysis shows that the R516W was only core- 
and/or non-glycosylated (see Supplemental Figure 1). The newly-created N408E and 
N408A mutants proved both to be glycosylation deficient. Densiometric measurement 
showed only one band with the size of around 90 kDA, representing the core-and/or 
non-glycosylated protein (see Supplemental Figure 1). 
In general, this indicated that the WT ClC-5 was complex glycosylated, the R516W was 
core- and/or non-glycosylated and the N408E and N408A mutants showed no 
glycosylation.  
 
Figure 35: Endo H and PNGase F assay of WT, R516W, N408E and N408A ClC-5-mCherry.  
To estimate the glycosylation status of the different ClC-5 variants, whole protein lysates of HEK293T cells transiently 
transfected with WT, R516W, N408E or N408A ClC-5-mCherry were used. The protein samples were thus subjected 
to digestion with the endoglycosydases Endo H or PNGase F. Endo H cannot cleave N-linked complex-glycan, 
whereas PNGase is able to cut of these complex glycans. + indicates the size of the complex glycosylated protein and 
* the core- and/or non-glycosylated protein size. The profile plots of each lane are shown in Supplemental Figure 1. 
 
 Cellular distribution of WT and mutant ClC-5 in MDCKII cells 
According to the altered glycosylation status, the subcellular localization of WT, R516W, 
N408E and N408A ClC-5-mCherry in MDCKII cells was investigated in the next 
approach (Figure 36). WT ClC-5 appeared as punctuated, intracellular structures and to 
a small extent to the PM. The R516W mutant was mainly located to an ER-like structure 
and to a smaller amount in vesicles. The two glycosylation deficient mutants N408E and 
N408A were also located to endosomes as well as in an ER-like structure but less to the 
PM as the WT. This indicates that the subcellular distribution of ClC-5 is not dependent 








 Particle Tracking of ClC-5 endosomes 
Since confocal images display only the steady state distribution of ClC-5, the question 
raised if the kinetics of endosomal trafficking were affected by glycosylation-deficient 
mutants. In order to characterize the motility of ClC-5 positive endosomes, time-lapse 
imaging using a TIRF microscope were performed. Either a cycle time of one second 
(low temporal resolution) or 302 milliseconds (high temporal resolution) was used. 
Endosomes were identified and their movement was tracked. The lifetime, mean 
velocity, net displacement, and mean square displacement (MSD) were analyzed. An 
endosome that was detected in one frame was defined as a particle and if it occurred in 
more than three consecutive frames, it was referred to as a trajectory (Figure 37 and 
Figure 38). The lifetime described how long the endosome was detected and therefore 
visible in the movie. The displacement from its origin was defined as net displacement. 
The software was able to correctly detect and link particles (see Figure 37 left images). 
However, not all endosomes were detected because very fast particles or particles 
occurring for a very short time were not tracked by the program. In order to investigate if 
ClC-5 positive endosomes moved exclusively along microtubules, nocodazole was 
added to disrupt the microtubule network (Figure 37 A). In the nocodazole control 
experiment, only a few long trajectories and mainly short-living particles were visible. 
Whereas in the movies of the different ClC-5 constructs, multiple long as well as very 
short trajectories were detected. This showed that ClC-5 positive endosomes were 
indeed moving along microtubules and were not freely diffusing through the cell. The 
trajectories of the different ClC-5 constructs suggested that WT ClC-5 endosomes were 
moving more organized and less in a zick-zack mode than the mutants, indicating that 
the motility might have been altered in all three mutants (Figure 37 A-F). 
Figure 36: Subcellular distribution of WT, and mutant ClC-5-mCherry in MDCKII cells. 
Representative confocal images of WT (A), R516W (B), N408E (C) and N408A (D) ClC-5 mCherry transiently 






Figure 37: The tracking software, u.track2.1.3 (Jaqaman et al., 2008), tracks ClC-5 positive endosomes 
accurately.  
The result of the particle tracking of WT, R516W, N408E, and N408A ClC-5 positive endosomes is depicted (A-E, left 
images) and the first frame of the correlated movies (A-E right image). Nocodazole is shown as control for the 
motility without microtubule (A). WT ClC-5 is shown in in (B), R516W in (C), N408E in (D) as well as N408A in (E) 
Endosomes were recorded using a TIRF microscope with a field depth of 95 nm and a cycle time of one second. 





Figure 38: Time lapse images of ClC-5 trajectories.  
Detailed example of the movement of WT ClC-5 positive endosomes and their trajectories in the low temporal 
resolution. The time lapse represents the trajectories from the white square of the bigger image with one frame every 






 Low and high temporal resolution 
First it was unknown wheter differences in long living, slow endosomes or fast moving, 
short living endosomes exist. Therefore, two cycle times were used and examined in 
terms of lifetime, net displacement, mean velocity, and MSD. First, the results of the low 
and then of the high temporal resolution will be displayed. An overview of the amount of 
measured cells and detected particles/trajectories is given below in Table 2.  
In the following paragraphs, the analyzed parameters were evaluated in a 1D to 2D and 
finally a 3D analysis approach. The aim was to identify not only differences between the 
ClC-5 constructs, but also correlations between the different parameters. In the 1D 
analysis, mean values of trajectories from single cells were extracted and evaluated. In 
the 2D approach two parameters were compared with each other. In the 3D analysis, 
mean values of three factors of each single cell were analyzed. 
Table 2: Overview of the amount of analyzed cells, detected particles and linked trajectories of ClC-5 positive 
endosomes from MDCKII cells.  
ClC-5 construct low temporal resolution high temporal resolution 
cells particles trajectories cells particles trajectories 
WT 22 90755 34138 14 64234 27320 
R516W 19 61705 15850 13 74898 14192 
N408E 22 143352 55048 15 74910 37106 







 Low temporal resolution of particle tracking 
For the low temporal resolution, movies of one second cycle time with 300 frames were 
recorded. The low temporal resolution enabled the tracking of slower moving 
endosomes for a longer time without the problem of losing signal due to bleaching.  
 WT ClC-5 has the longest lifetime with the slowest mean velocity in 
the low temporal resolution  
In the 1D analysis approach, single parameters of all trajectories as means of single 
cells were compared between the different ClC-5 variants. Each cell had different 
amounts of endosomes. Since single cells within the population of one ClC-5 construct 
may have a greater influence on the calculated parameters if there were more 
endosomes detected in these cells than in the other cells, mean values of single cells 
were calculated. However, pooling all trajectories from all cells expressing one ClC-5 
variants showed similar results to mean values of single cells (Supplemental Figure 2). 
In a first step, the correlations between the different parameters were investigated. Thus, 
the mean values of the lifetime, net displacement and mean velocity of single cells were 
examined (Figure 39 for means of cells). Here, the two glycosylation deficient mutants 
(N408E and N408A) had a significantly shorter lifetime compared to the WT (Figure 
39 A). The net displacements were not statistically different, except for the R516W which 
traveled a smaller distance than the N408E (Figure 39 B). With regard to the mean 
velocities, significant differences were found between most constructs: WT and R516W 
were the slowest and the glycosylation deficient mutants the fastest (Figure 39 C).  
 
Figure 39 Lifetime, net displacement and mean velocity of trajectories from single cells recorded with the low 
temporal resolution.  
Box plots of mean values of the lifetime (A), net displacement (B), and mean velocity (C) of all trajectories from single 
cells recorded with the low temporal resolution are depicted. Single cells (•), mean (■), median (-). * indicates a 
significant difference between two values. Significance was tested using the One-way Anova with post-hoc Tukey 
HSD and significance was set at a P value of <0.05. N=22 cells for WT and N408E, n=19 cells for R516W, and n=20 





In order to examine possible correlations between the parameters, the mean values of 
all endosomes from single cells were analyzed in terms of lifetime versus net 
displacement and the net displacement was also plotted against the velocity (Figure 40). 
In general, plotting lifetime versus velocity (Figure 40 A), indicated that the faster the 
vesicles were moving, the shorter was their lifetime. Another correlation between the 
mean velocity and net displacement became visible: The faster particles were moving, 
the more distance was covered from their origin. However, a longer lifetime did not 
necessarily result in a higher net displacement (Figure 40 B). All four ClC-5 constructs 
showed similar correlations and only the cells expressing WT ClC-5 formed a small 
group of slowly yet far moving endosomes (see Figure 40 C) 
In order to further visualize the differences between the populations of cells expressing 
the same ClC-5 construct, a 3D plot of net displacement versus lifetime versus mean 
velocity was constructed (Figure 40 D).The WT formed a denser group, with only one 
cell that had a very short lifetime and net displacement.  
 
Figure 40: Correlations of lifetime, net displacement and mean velocities of trajectories recorded at the low 
temporal resolution.  
Mean values of endosomes from WT ClC-5 are depicted in blue, R516W in green, N408E in cyan and N408A in red. 
Mean values of all trajectories of one cell (each cell is represented by one dot) of the different ClC-5 varaints are 
shown. The 2D analysis is shown in A, B and C and the 3D in D.Lifetime versus velocity is depicted in A), lifetime 
versus net displacement in B) net displacement versus velocity in C). Mean ±SEM are shown in A, B and C and in D, 






Cells of the R516W mutant were broadly distributed, such as the N408E and N408A 
mutant. Overall, there was a major overlap of all cells of all four ClC-5 variants.  
In general, in the low temporal resolution, the WT and R516W displayed the highest 
lifetime; net displacements were very similar between all four ClC-5 constructs; only the 
R516W had a significantly lower net displacement as compared to the N408E mutant. It 
is noteworthy that the mean velocities differed considerably between most ClC-5 
variants: The WT had the slowest and the N408E the fastest mean velocity.  
 Calculation of Mean Square Displacement 
The most common way to describe particle movements is by using the mean square 
displacement (MSD), which is a value for the mean square distance traveled by a 
particle along the x-y axis (in µm²) in a specific time interval/lag Δt (examples for MSD 
curves can be seen in Figure 41). In detail, it is evaluated how far a particle is moving for 
a certain time lag over its whole trajectory’s lifetime. For instance, for a time lag of one 
second, the distance travelled every second from the trajectory’s origin until its end is 
examined and a mean value is calculated. The same is then done with a time lag of two 
seconds, where the distance travelled every two seconds is calculated. Here, not the 
displacement from the origin, which was defined as net displacement in this study, was 
considered, but the total distance travelled by the endosome was used (a detailed 
description is depicted in Figure 15).  
MSD analysis can also be used to describe the motility of particles. Here, the curve 
progression is examined in order to distinguish between free diffusion, active transport 
or anomalous behavior (Figure 16). MSD curves from single trajectories and the mean 
MSD curve of all trajectories of single cells of the different ClC-5 constructs indicated 
that the endosomal movement can be described as anomalous (Figure 41): no limit was 






Based on the calculated MSD, the diffusion coefficient D (also named transport 
coefficient) was calculated indicating the squared distance traveled per second (in 
µm²/s). The diffusion coefficient of the WT and R516W ClC-5 were smaller as compared 
to the N408E and N408A mutants. However, the test for significance assessed only the 




Figure 42: Diffusion coefficient (D) of trajectories as 
means of single cells.  
The D coefficients of trajectories of the WT ClC-5 (blue), 
or of the ClC-5 mutants R516W (green), N408E (cyan) or 
N408A (red) were calculated using TrackArt (Matysik and 
Kraut, 2014). Mean values of all trajectories of single 
cells are depicted, each dot represents one cell. Single 
cells (•), mean (■), and median (-). * indicates a 
significant difference between two values. Significance 
was tested using the One-way Anova with post-hoc 
Tukey HSD and significance was set at a P value of 
<0.05. N=22 cells for WT and N408E, n=19 cells for 
R516W, and n=20 cells for N408A. 
 
In conclusion: The motility of endosomes from all ClC-5 constructs showed kinetics 
described by anomalous diffusion; the analysis of the transport coefficient indicated the 




Figure 41: Single and mean MSD curves of trajectories of WT, R516W, N408E and N408A ClC-5 in the low 
temporal resolution.  
The MSD curves of all trajectories from WT, R516W, N408E and N408A ClC-5 were calculated and visualized using 
TrackArt (Matysik and Kraut, 2014). MSDs of single cells are depicted as black lines, mean values from all cells in 





 High temporal resolution of particle tracking 
For the high temporal resolution, time-lapse images with the shortest possible cycle time 
for the utilized TIRF microscope were recorded with a 302 ms frame rate for 500 frames. 
The faster frame rate enabled the tracking of faster moving endosomes which might be 
lost using a slower frame rate.  
 Endosomes of the R516W ClC-5 have a shorter lifetime and faster 
mean velocity as compared to the WT 
Comparing the mean values of lifetime, net displacement and mean velocity of single 
cells recorded with a faster cycle time showed a similar behavior of WT and N408E (see 
Figure 43 for mean of cells and Supplemental Figure 4 for all trajectories from all cells). 
The N408A had the longest and the R516W the shortest lifetime. The net displacements 
were also significantly different between most of the constructs: The WT and the N408E 
had endosomes that moved the furthest from their origin, whereas R516W and N408A 
endosomes moved significantly shorter distances from their origin as compared to WT 
and N408E. The mean velocity showed significantly different values between most 
ClC-5 variants, except the WT and N408E mutant. Here, the R516W had the fastest 
endosomes, followed by the WT and N408E, whereas the N408A mutant had the 
slowest endosomes.  
In comparison with the low temporal resolution, the high temporal resolution was able to 
detect more significant differences between the WT and the ClC-5 mutants (see Figure 
39 and Figure 43) but the distribution of the lifetime, net displacement and mean velocity 
were different between both cycle times. The R516W for instance had the longest 
lifetime in the low and the shortest in the high temporal resolution. The net displacement 
was very similar in all ClC-5 variants in the low temporal resolution but the high temporal 
resolution was able to detect differences. The mean velocities were also quite different 
between low and high temporal resolution, for instance the R516W had the fastest 






The 2D graphs of lifetime versus mean velocity, lifetime versus net displacement and net 
displacement versus mean velocity showed the same correlation as in the low temporal 
resolution (Figure 44): The faster endosomes were moving, the shorter was the lifetime 
and the more distance was covered by the trajectory. Plotting the mean values of the 
lifetime versus net displacement versus mean velocity of all trajectories of each cell in a 
3D graph showed that each ClC-5 construct formed a cloud of cells. The cells 
expressing the WT and N408E had a greater variety in their endosomal movement, 
forming a less dense cloud than the R516W or N408A (Figure 44 D).  
 
 
Figure 43: Lifetime, net displacement and velocity of all trajectories from single cells of the high temporal 
resolution.  
Box plot of mean values of all trajectories from single cells recorded at the high temporal resolution are shown.  Single 
cells (•), mean (■), and mean (-). * indicates a significant difference of p<0.05 between two values. Significance was 
tested using the One-way Anova with post-hoc Tukey HSD. N=14 cells for WT, n=13 cells for R516W, n=15 cells for 






In general, in the high temporal resolution, the WT showed slow moving endosomes that 
were recorded for a longer time and also moved over a longer distance from their origin. 
The R516W had endosomes that were detected for a short time but moved the fastest 
for a short distance (Figure 43 and Figure 44). Importantly, although the N408A mutant 
had endosomes that moved close to the PM for a long time (indicated by their long 





Figure 44: 2D and 3D plots of trajectories as means from single cells of the high temporal resolution.  
WT ClC-5 is depicted in blue, R516W in green, N408E in cyan and N408A in red. Mean values of all trajectories of 
one cell (each cell is represented by one dot) of the different ClC-5 variants are depicted. The 2D analysis is shown in 
A, B and C and the 3D in D. Lifetime versus velocity is depicted in A), lifetime versus net displacement in B) net 
displacement versus velocity in C). Mean ±SEM are shown in A, B and C. Only mean values are depicted in D. N=14 





 Calculation of Mean Square Displacement (MSD) 
MSD analysis of single cells and mean of single cells from the different ClC-5 variants 
showed again an anomalous curve progression (Figure 45). The N408E had the 
greatest variance in the MSD curves of single cells (Figure 45 C) as compared to the 
WT and the R516W and N408A mutant. 
 
Figure 45: Single and mean MSD curves of trajectories of WT, R516W, N408E and N408A ClC-5 in the high 
temporal resolution..  
The MSD of all trajectories from single cells transiently transfected with WT, R516W, N408E and N408A ClC-5 
mCherry were calculated and visualized using TrackArt (Matysik and Kraut, 2014). MSDs from single cells are 
depicted as black lines and mean values ±SEM from all cells of the specific ClC-5 construct are depicted as colored 
lines. N=14 cells for WT, n=13 cells for R516W, n=15 cells for N408E, and n=19 cells for N408A. 
 
In order to get a better understanding of the MSDs of different trajectories within one 
cell, 50 trajectories from each ClC-5 construct were chosen by chance and their MSD 
curves were analyzed (see Figure 46). The 50 MSD curves were also binned together 
and fitted using a linear fit. Although, at the first glance, the MSD progression curves 
with the linear fit seemed quite different, they all showed an anomalous behavior (Figure 
46 lower row). This supports the anomalous diffusion of the previous MSD analysis of all 







Figure 46: Overview of 50 single MSD curves and the fitted average MSD of ClC-5 endosomes.  
50 trajectories from one representative cell were randomly picked and the single MSD curves of WT, R516W, N408E 
or N408A mutant ClC-5 were calculated (upper row). Then all MSDs of all 50 trajectories were fitted using a linear fit 
(lower row).  
 
Based on the MSDs the diffusion coefficients D were also extracted (Figure 47). The 
N408A mutant had the lowest D values followed by the R516W and the WT. The N408E 
had the, overall, highest D value but also a very broad distribution within its population. 
The WT had a significantly higher D value than the N408A, and the N408A had a higher 
value than the R516W and N408E.  
  
 
Figure 47: Diffusion coefficients (D) of all trajectories from 
ClC-5 endosomes in single cells.  
D values of trajectories of the WT (blue), R516E (green), N408E 
(cyan) or N408A ClC-5-mCherry (red) were calculated using 
TrackArt (Matysik and Kraut, 2014). Mean values of all trajectories 
of single cells are depicted. Single cells (•), mean (■), and median 
(-). N=14 cells for WT, n=13 cells for R516W, n=15 cells for 
N408E, and n=19 cells for N408A. Significance was tested using 
the One-way Anova with post-hoc Tukey HSD and significance 





 WT and N408E ClC-5 endosomes move more target-oriented than 
R516W and N408A ClC-5 endosomes 
The tracked endosomes seemed to be walking more directionally in the WT than in the 
mutants (Figure 37). In order to investigate if the mutant and WT ClC-5 endosomes were 
moving linearly or rather in an unorganized fashion, the target-orientation of the 
endosomal walk was calculated. The target-orientation was defined as the net 
displacement divided by the total distance walked by a trajectory. The higher the value, 
the more efficient is the target-oriented movement of endosomes. Mean values of all 
trajectories from single cells were again calculated and are illustrated in Figure 48.  
The WT had a target-origentation of 
0.36±0.01 (SEM), the R516W 
0.32±0.008, N408E 0.37±0.01, and 
N408A 0.32±0.006. It is worth noticing 
that the cells of the N408A ClC-5 variant 
had very similar efficiency values, 
whereas the WT and N408E showed 
greater variances in the cells population. 
In general, endosomes of the WT and 
N408E ClC-5 walked with a significantly 
more target-orientation away from their 
origin than the R516W and N408A ClC-5 




Figure 48: Target-orientation of endosomes from WT, 
R516W, N408E, and N408A ClC-5 endosomes.  
Mean values of all trajectories of single cells are depicted. 
In a Box plot. Single cells (•), mean (■), and median (-). 
N=14 cells for WT, n=13 cells for R516W, n=15 cells for 
N408E, and n=19 cells for N408A. Significance was tested 
using the One-way Anova with post-hoc Tukey HSD and 





 Comparison of low and high temporal resolution 
In this study, two different frame rates were used and the movies were recorded over 
different time periods. The high temporal resolution had a frame rate that was 3.3 times 
faster than in the low temporal resolution (a cycle time of one second or 302 
milliseconds were used). Furthermore, movies were recorded for half the time in the high 
compared to the low temporal resolution (151 s and 300 s). As mentioned before, the 
shorter frame rate proofed to be able to detect faster endosomes that were lost in 
movies recorded in the slower frame rate. Astonishingly, the distribution of lifetime, net 
displacement, mean velocity, and MSD were quite different between both frame rates 
(Table 3). The WT, for instance, had the longest lifetime in the low temporal resolution, 
whereas the N408A showed the longest lifetime in the high temporal resolution. 
Table 3: Comparison of the lifetime, net displacement, mean velocity, and D values between the low and high 
temporal resolution. 
 
In theory, endosome that were detected in the low temporal resolution would have been 
detected in the high temporal resolution, but not vice versa as very fast endosomes or 
those with a short lifetime were lost in the low resolution. However, visual comparison of 
the movies with the tracked trajectories made it obvious, that very fast endosomes, or 
endosomes appearing only for a very short time, were not tracked even in the high 
temporal resolution. Furthermore, if an endosome moved too far between frames, it was 
not recognized as the same trajectory.  










































































This raises the question as to the experimental limitations and the thresholds for the 
lifetime, velocity and displacement. For the lifetime, the threshold was three seconds for 
the low and 906 milliseconds for the high temporal resolution, as only trajectories with 
more than three frames were analyzed. In order to determine a threshold for the 
displacement and velocity, the values of the endosomal movement from frame to frame 
were analyzed (the velocity and displacement of particles are depicted in Supplemental 
Figure 4) and the fastest particles/endosomes of each ClC-5 construct were extracted. 
In the low temporal resolution, the fastest detected endosomes in all four ClC-5 
constructs had a velocity of 1.3 µm/s from frame to frame. In the high temporal 
resolution, the highest speed was 4.4 µm/s. The greatest detected distance travelled 
from one frame to the other was 1.3 µm in both cycle times. Based on these values, one 
can conclude that for the low temporal resolution, endosomes that moved faster than 
1.3 µm/s from frame to frame were not detected and for the high temporal resolution, all 
endosomes faster than 4.4 µm/s were not detected or lost. Since the highest detected 
displacement was the same in the low and high temporal resolution, the maximum step 
that an endosome could go and still be recognized as one trajectory was 1.3 µm. 
In conclusion, the high temporal resolution was able to detect more differences in terms 
of lifetime, mean velocity and MSD between the four ClC-5 variants. Due to its ability to 
detect faster endosomes and because of the fact that the endosomal speed was 
obviously altered in the ClC-5 Dent’s and glycosylation deficient mutants, the results of 
the high temporal resolution are most likely to be more profound than the results of the 
low temporal resolution. Based on these findings, the particle tracking revealed that the 
R516W had the lowest lifetime and the fastest endosomes. The N408A presented the 








 All ClC-5 variants promote endosomal acidification 
The next step aimed at evaluating reasons for the altered endosomal motility. It is 
established that the accumulation of protons in endosomes regulates their maturation 
from early to late and recycling endosomes (Sorkin and von Zastrow, 2002). Thus, it is 
possible, that endosomes of the ClC-5 mutants maturated faster or slower than the WT. 
The different motilities of WT, R516W, N408E and N408A ClC-5 might have been 
caused by an altered acidification of endosomes. In order to examine if the endosomal 
pH of the WT and mutant ClC-5 was different, HEK293T cells transiently expressing WT, 
R516W, N408E, or N408A ClC-5-mCherry and cotransfected with synapto-pHluorin2 
(Mahon, 2011) and subjected to confocal imaging. For a more detailed description of the 
method and analysis please refer to sections 2.5 and 3.1.7. The mean pH values of 
ClC-5 positive endosomes are depicted in Figure 49.  
As described earlier, the expression of WT ClC-5 significantly reduced the endosomal 
pH. This was also the case for its mutants R516W, N408E and N408A. The WT, 
R516W, N408E mutant displayed a pH around 6 whereas the control cells showed a 
higher pH of 6.5. Additionally, the N408A ClC-5 mutation reduced the pH with an even 
higher magnitude than the WT (around pH 5.7). Although the measurement of 
endosomal pH in ClC-5 knockout mice (Hara-Chikuma et al., 2005), Dent’s disease 
patients (Gorvin et al., 2013), or in cell culture (Alekov, 2015) indicated that mutations in 
ClC-5 result in more alkaline endosomal pH, the mutant R516W seemed to be functional 
to generate a WT-like pH in HEK293T cells.   
 
. 
Figure 49: WT ClC-5 and the mutants R516W, 
N408E and N408A promote acidification. 
Analysis of vesicular pH of HEK293T cells 
transiently co-expressing WT, R516W, N408E, or 
N408A ClC-5-mCherry and synapto-pHluorin2 or 
solely expressing synapto-pHluorin2 (control). 
N=30 cells for ClC-5 WT, n=23 cells for R516W, 
n=21 cells for N408E, n=20 cells for N408A and 
n=26 cells for control. The results shown are 
means ±SEM. * indicates a significant difference 
between two samples. The significance was 
tested using a One-way Anova with post-hoc 






 Colocalization of WT, R516W, N408E, and N408A ClC-5 with Rab7 
Following the evaluation of the endosomal pH, the question if the mutants were localized 
to late endosomes to a higher extend than the WT was addressed. Since the altered 
endosomal velocity of the Dent’s and the glycosylation-deficient mutants might also be a 
result of a faster (or impaired) maturation of the endosomes. An increased velocity and a 
more acidic pH might indicate that the endosomes are transported faster to late 
endosomes (or recycling endosomes). In order to evaluate the maturation of the ClC-5 
positive endosomes, the different ClC-5 constructs were cotransfected with Rab7, a 
marker for late endosomes (Feng et al., 1995) and a colocalization analysis was 
performed in HEK293T and MDCKII cells transiently expressing WT, R516W, N408E, or 
N408A ClC-5-mCherry (Figure 50). For the HEK293T cells, the colocalization analysis 
showed, in general, that there was a distinct overlap of Rab7 objects and objects of the 
different ClC-5 constructs. However, only very little ClC-5 objects colocalized with Rab7 
(Figure 50 E, object based), but the few overlapping objects shared a high amount of 
colocalizing pixels (size based analysis). In MDCKII cells, on the other hand, there was a 
high colocalization coefficient between ClC-5 and Rab7 objects and vice versa (see 
Supplemental Figure 6). Here, Rab7 overlapped to nearly 100% with R516W objects 
and the overlapping area was also around 100%. Yet, there were only around 30% of 
R516W objects that colocalized with Rab7 (Figure 50 D). In both cell lines, none of the 
mutants showed a significantly different amount of overlapping objects, indicating that all 







Figure 50: Colocalization of WT, R516W, N408E and N408A ClC-5 with Rab7 in HEK293T cells.  
A-D) representative confocal images (single z-slides) of HEK293T cells transiently transfected with WT (A), R516W 
(B), N408E (C) or N408A (D) ClC-5-mCherry (in red) and cotransfected with Rab7-EYFP (in green). E) Box plots 
summarizing the results from object-based and size-based colocalization analysis corresponding to the number of 
overlapping objects defined in two channels as Rab5WT- or Rab5CA- and ClC-5-containing objects. N=10 cells for 
WT, R516W, and N408E, as well as n=9 cells for R516W, and N408A. Single cells (•), mean (■), and median (─). 








 No altered fluid-phase and receptor mediated endocytosis in WT and 
mutant ClC-5 
The altered endosomal motility might have been the result of, or might have been 
influenced by, an altered endocytosis rate. The loss or downregulation of ClC-5 was 
shown to impair albumin endocytosis in kidney proximal tubular cells (PTC) in Dent’s 
disease and ClC-5 knockout mice (Christensen et al., 2003a; Piwon et al., 2000). In 
order to investigate the rate of receptor-mediated and fluid-phase endocytosis, the 
internalization of fluorescently labeled albumin and dextran was measured. Albumin has 
been established as a marker for receptor-mediated, clathrin-dependent endocytosis 
(Caruso-Neves et al., 2005; Schwegler et al., 1991; Takano et al., 2002) and dextran as 
a marker for fluid-phase endocytosis (Cao et al., 2007; Gorvin et al., 2013; Shurety et 
al., 1998). The internalization of Atto425-labeled albumin was previously examined in 
MDCKII cells transiently expressing WT, R516W, N408E, or N408A ClC-5. Albumin was 
internalized and partially overlapped with ClC-5 (see Supplemental Figure 5). 
Nontransfected HEK293T cells (=control) or cells transiently expressing WT, or the 
mutants R516W, N408E and N408A ClC-5 mCherry were first serum starved and 
subsequently incubated with either 50 µg/ml Atto425-labeled albumin or Atto488-
conjugated dextran. The unbound albumin/dextran was washed off with trypsin and the 
fluorescence intensity (FI) per cell was analyzed.  
The overexpression of ClC-5 caused a slightly increased internalization and thus 
increased endocytosis of albumin (Figure 51 A). The mutants R516W also showed a 
tendency towards a higher amount of internalized albumin and dextran, whereas N408E 
and N408A ClC-5 had a decreased endocytosis rate as compared to WT ClC-5 
overexpressing cells. Yet, there were no significant differences between the control and 
the WT or the mutants. In the dextran uptake of the R516W mutant (see Figure 51 B) 
one sample showed three times more dextran fluorescence than the other two samples. 
Since no obvious reasons for the increased internalization of dextran in this specific 






Figure 51: Uptake of albumin or dextran is not altered in HEK293T cells transiently expressing WT, R516W, 
N408E and N408A ClC-5.  
The endocytosis of fluorescently labeled albumin (A) or Atto488-conjugated dextran (B) in nontransfected HEK293T 
cells (control) or cells transiently expressing mCherry-tagged WT ClC-5 or the mutants R516W, N408E or N408A was 
measured. Therefore, cells were first serum-starved for 1 h before they were incubated for 5 min with 50 µg/ml 
albumin or dextran at 37°C. The fluorescence intensity normalized to the cell density is shown (FI/OD750). For albumin 
the FI at 524 nm (excited at 488 nm) is shown and for dextran the FI at 472 nm with an excitation at 425 is displayed. 
Single cells (•), mean (-) is depicted. N=3 petri dishes. One-way Anova with post-hoc Tukey HSD and significance 
was set at a P value of <0.05, but no significant differences were detected between the samples. 
 
In conclusion, although the pH of WT, R516W, N408E, and N408A ClC-5 was 
significantly reduced, the fluid-phase and receptor-mediated endocytosis were not 
notably influenced in these cells. Furthermore, all ClC-5 variants were located to late 








This study elucidated the function of the chloride/proton exchanger ClC-5 in the 
intoxication of TcdA, a toxin of the pathogenic bacterium C. difficile. Furthermore, tools 
to study endosomal motility were established and the movement of ClC-5 positive 
endosomes in terms of a possible influence of glycosylation of the ClC-5 protein was 
analyzed. 
ClC-5 is broadly expressed in the kidney (Devuyst et al., 1999), brain, lung, liver 
(Steinmeyer et al., 1995), and gastrointestinal cells (Vandewalle et al., 2001). It is 
located in early to late endosomes, as well as on the PM and is crucial for acidification of 
endosomes and hence for the endocytosis process (Christensen et al., 2003b; Devuyst 
et al., 1999; Friedrich et al., 1999; Günther et al., 1998; Hara-Chikuma et al., 2005; 
Piwon et al., 2000). 
C. difficile bacteria colonize a host’s gut and disrupt the gastrointestinal epithelial barrier 
in order to spread to new hosts (Papatheodorou et al., 2010; Pruitt et al., 2010). 
Thereby, they cause severe, life-threatening diarrhea (McFarland et al., 1989; 
Papatheodorou et al., 2010). The toxins of C. difficile, TcdA and TcdB, enter the host cell 
via the endocytic route and require an acidic environment in order to get access into the 
cytosol where they inactivate Rho-GTPases (Barth et al., 2001; Papatheodorou et al., 
2010; Voth and Ballard, 2005). Since ClC-5 is situated in gastrointestinal cells and is 
important for endocytosis, the first part of this study set out to investigate the possible 
role of WT ClC-5 and its non-transporting mutant E268Q ClC-5 in the context of 
intoxication of TcdA in HT-29 cells. 
Since internalization of proteins depends on endocytosis and subsequent processing of 
endosomes, the second part of this study focused on the motility of endosomes. The 
study concentrated on the influence of ClC-5 glycosylation on the endosomal motility 
close to the PM. Multiple mutations in the CLCN5 gene result in proteins that lack the 
complex glycosylation. Furthermore, their transport into endosomes and to the PM is 
inhibited as they are retained in the ER (Ludwig et al., 2005; Smith et al., 2009). Using 
the R516W ClC-5 as representative ER-retained, non-complex-glycosylated Dent’s 
disease mutant, and two artificial glycosylation-deficient mutants (N408E and N408A), a 





 The chloride/proton exchanger ClC-5 increases the susceptibility of 
HT-29 cells towards TcdA 
Previous findings suggested that an overexpression of ClC-5 caused a higher cytopathic 
effect of TcdA and TcdB. In order to examine if the chloride/proton transport of ClC-5 is 
responsible for the increased cytopathic effect of TcdA, the non-transporting E268Q 
ClC-5 was used as control (Figure 11) (Ruhe et al., 2017). In this mutant, the proton 
glutamate is neutralized, abolishing the transport of protons and chloride ions (Grieschat 
and Alekov, 2012; Smith and Lippiat, 2010; Zdebik et al., 2008). However, the cytopathic 
effect of TcdA was increased in WT, as well as in E268Q ClC-5 expressing cells. 
In order to exclude the aspect of artificial effects due to the overexpression of ClC-5, 
endogenous ClC-5 was knocked down in HT-29 cells by siRNA targeted against human 
ClC-5 in the present study. Cells were then intoxicated with TcdA and the cell rounding 
as a result of the cytopathic effect was determined. The cytopathic effect was reduced 
by approximately 10% by 10 or 20 nM siClC-5 respectively, as compared to cells 
transfected with non-targeting siRNA (Figure 24). In order to detect cells that were 
transfected with siClC-5, a plasmid carrying the CD8 antigen sequence was 
cotransfected. Commercial microbeads with an anti-CD8 antibody were then added to 
the cell mixture after intoxication and the cell morphology of cells covered with multiple 
beads was investigated (as illustrated in Figure 24 A). The cotransfection rate of siRNA 
and plasmid DNA is most likely not 100%, raising the question if the microbeads-marked 
cells were indeed transfected with siClC-5 and thus had reduced ClC-5 RNA levels. The 
qRT-PCR for the analysis of the RNA downregulation indicated that the transfection 
efficiency of siCLC-5 was quite high: 70% of ClC-5 mRNA was downregulated in HT-29 
cells transfected with 20 nM siClC-5 (Figure 23). Since HT-29 cells are hard-to-transfect 
cells, the transfection efficiency of plasmid DNA was usually around 30% (data not 
shown). For the intoxication, as well as the quantitative RT-PCR, the sample included 
both transfected and non-transfected cells. The high downregulation of ClC-5 mRNA in 
transfected HT-29 cells therefore indicates that the efficiency of siRNA can be 
considered higher than of plasmid DNA. This, in turn, increases the probability of pLeu2-





The fact, that the reduction of the cytopathic effect on ClC-5 knockdown cells caused a 
lower amount of morphological changes, supports the theory that ClC-5 is important for 
the intoxication of TcdA. It further indicates that the findings in ClC-5 overexpressing 
cells are not a mere side effect due to the overexpression.  
 WT and E268Q ClC-5 are located to early and early-to-late endosomes 
in HT-29 cells 
TcdA is internalized and processed in endosomes (Keel and Songer, 2011; Pruitt and 
Lacy, 2012). ClC-5 has been described to be located to early endosomes in rat proximal 
tubular cells (Günther et al., 1998). However, only very little is known about its presence 
in the endocytosis pathway of HT-29 cells. Thus, at first, the expression and subcellular 
localization of ClC-5 as well as its presence in the endosomal pathway of HT-29 cells 
was examined (Figure 22 - Figure 29). In this model cell line, WT ClC-5 was expressed 
and present as complex-, core- and non-glycosylated proteins with sizes ranging from 
90-120 kDa (Figure 21), which is in accordance to the literature (Jouret et al., 2004; 
Schmieder et al., 2007). Deglycosylated ClC-5 has been shown to be impaired in its cell 
surface expression (Schmieder et al., 2007), thus, the different glycosylation patterns of 
ClC-5 might represent the capability of the protein to be targeted to the PM in certain 
tissues, or to be retained in the ER or located to endosomes. In addition to HT-29 cells, 
the expression of ClC-5 in HEK293T cells was investigated. Here, ClC-5 was complex, 
core-and non-glycosylated as well. However, the band of the core- and non-glycosylated 
protein was more pronounced in HEK293T cells than in HT-29 cells, indicating that ClC-
5 is more efficiently maturated in HT-29 cells. Tissue dependent differences in the 
glycosylation have already been reported for the ClC-5 homologue, ClC-3 (Schmieder et 
al., 2007). The primary results showed that WT and the non-transporting ClC-5 
increased the cytopathic effect of TcdA (Figure 11) (Ruhe et al., 2017). Since the uptake 
of TcdA and TcdB depends on the host’s endocytosis machinery (Florin and Thelestam, 
1983; Henriques et al., 1987; as reviewed in Voth and Ballard, 2005), the localization of 
both WT and E268Q ClC-5 in the endocytic pathway in HT-29 cells was examined. 
Therefore, the colocalization of WT and E268Q ClC-5 with Rab proteins, which are 
considered as markers for different endosomal stages (Chavrier et al., 1990), was 





both located to early, Rab5 positive endosomes. Furthermore, the WT was also targeted 
on early-to-late, Rab7-positive endosomes (Figure 25 and Figure 28). In more detail, 
around 25-30% of WT and E268Q ClC-5 colocalized with Rab5. Furthermore, the WT 
also overlapped with around 30 % with Rab7 or Rab4a objects (Figure 25, Figure 26, 
and Figure 28). The association of ClC-5 with Rab4a and Rab5 is in accordance with 
findings regarding the localization of endogenous ClC-5 in rat intestinal cells 
(Vandewalle et al., 2001). An overlap of ClC-5 and Rab7 has also been previously 
reported for mouse thyroid gland cells (van den Hove et al., 2006). The similar 
colocalization value of WT ClC-5 with Rab5 and Rab7-positive endosomes can be 
explained by the endocytosis pathway: During endosomal maturation, Rab5 positive 
endosomes become Rab7-positive late endosomes (Rink et al., 2005). Rab4a is also 
involved in early endosomes however it is located on a different endosomal 
compartment than Rab5. During maturation, Rab4a-positive endosomes become 
Rab11-positive recycling endosomes (De Renzis et al., 2002). 
In conclusion, the results of this research indicate that WT and E268Q ClC-5 were 
mainly present in early endosomes and it shows that WT ClC-5 was also targeted to 
early-to-late and not to recycling endosomes of the endocytosis pathway in HT-29 cells. 
This suggests a role of ClC-5 in the sorting machinery and not in the recycling pathway. 
 ClC-5 colocalizes with the C. difficile toxin TcdA 
In a next step, it was necessary to asses a possible colocalization of TcdA and ClC-5 in 
order to investigate if the increased cytopathic effect of TcdA was a side product of the 
ClC-5 expression. Such a possible side effect could be an overall increased endocytosis 
rate in ClC-5 expressing cells. Another theory was that TcdA may hijackes ClC-5 either 
to get access to the host cell or to increase its toxicity in a different way. In order to 
investigate the last possibility, HT-29 cells overexpressing WT ClC-5 were intoxicated 
with EGFP-labeled TcdA and a colocalization analysis was performed (Figure 29). The 
living cell analysis (Figure 29) showed that 34% of TcdA colocalized with ClC-5. The 
colocalization on similar subcellular structures indicated that ClC-5 has a direct influence 





As a subsequent step, the kinetic of internalization was assessed and the colocalization 
of ClC-5 and TcdA during different internalization periods was analyzed (Figure 30). 
However, it was not possible to achieve this research goal, because there was nearly no 
intracellular TcdA detectable in the fixed cells. In contrast to living cells, in which TcdA 
was observed in vesicular-like structures, in fixed cells, TcdA appeared solely at the PM 
(Figure 31 for living cells, Figure 32 for fixed cells). One possible explanation for this 
finding is that the internalized EGFP-tagged TcdA could not be detected due to 
quenching or a severe reduction of the EGFP fluorescence intensity as a result of the 
fixation procedure. The problem that a fixation step can reduce the fluorescence 
intensity has already been described previously (Brock et al., 1999). In addition, Kern 
and Feig described a low fluorescence intensity of intracellular EGFP-tagged TcdA 
(Kern and Feig, 2011). The underlying mechanism of the reduced fluorescence intensity 
of EGFP at low pH is a protonation of the hydroxyl group of tyrosine at position 66 which 
probably results in a decreased molar absorption coefficient of the protein (Haupts et al., 
1998). Thus, the small amount of EGFP-TcdA carrying endosomes in the living cells 
might be a result of the reduced EGFP-fluorescence intensity in endosomes that were 
more acidic. Labeling TcdA with the fluorescence dye Atto425, lowered the amount of 
colocalizing objects (only around 10% of colocalization was detected) but it 
circumvented the problem of the quenched or protonated EGFP. The low colocalization 
coefficient might be explained by the subcellular distribution of TcdA which was more 
diffuse compared to the EGFP-tagged TcdA (Figure 29 for internalized EGFP-TcdA, 
Figure 31 for the labeled Atto425-TcdA). The Atto425 NHS-ester dye labels primary 
amines (NH2) groups of proteins. Thus, it labeled not only the full length toxin, but also 
protein fragments in the sample. This probably resulted in the diffuse subcellular 
localization and the higher amount of internalized toxin (or toxin fragments). The diffuse 
localization pattern also caused the lower overlapping rate in the samples with the 
labeled toxin compared to the EGFP-TcdA.  
Overall, this study demonstrated a striking colocalization of TcdA and ClC-5, indicating 






 ClC-5 promotes TcdA internalization and acidification of ClC-5 
positive endosomes 
There are three possibilities how ClC-5 could increase the toxicity of TcdA: i) the toxin 
could be internalized faster, ii) a higher amount of toxin could be internalized or iii) the 
internalized toxin is processed faster due to a lower endosomal pH.  
In order to test for the first and second possibility, the amount of internalized (and 
membrane-bound) TcdA in ClC-5 overexpressing cells was investigated. Since the 
transporting capability of ClC-5 might be important for the toxin internalization, not only 
cells expressing the WT but also the non-transporting E268Q ClC-5 mutation were used. 
To examine the amount of internalized TcdA, HEK293 cells stably expressing WT or 
E268Q ClC-5 were intoxicated with TcdA and the toxins’ fluorescence per cell was 
measured (Figure 32). Of note, stably transfected HEK293 cells were needed for this 
experiment because it was necessary for the analysis that all cells expressed WT or 
E268Q ClC-5 and the transfection rate of HT-29 cells was too low for this approach. 
Significantly more TcdA was internalized in WT and E268Q ClC-5 overexpressing cells 
as compared to the control (mCherry overexpressing cells). It is worth noticing, that 
there was also twice as much TcdA internalized in cells expressing WT ClC-5 than in the 
non-transporting mutant E268Q. Immediately after endocytosis, the chloride 
concentration in the vesicle raises from early to late endosomes (Sonawane et al., 2002) 
and ClC-5 was reported to be involved in endosomal chloride accumulation (Novarino et 
al., 2010). Hence, the reason for the reduced endocytosis in E268Q cells might be a 
result of a lower chloride concentration which leads to a decreased maturation of 
endosomes causing an impaired endocytosis rate. In order to determine the chloride 
concentration in WT and E268Q ClC-5 endosomes, further research is required. The 
present experiment was not able to distinguish between the first and second possibility 
for the increased TcdA toxicity that were proposed above. Internalization kinetics are 
necessary to differentiate between a higher amount of internalized toxin and a faster 
internalization rate by using different time periods for the internalization step followed by 






In order to address the third possibility, that the acidification of ClC-5 positive 
endosomes caused a faster processing of the toxin, the pH of endosomes was 
assessed. The endosomal pH of WT and E268Q ClC-5 positive endosomes was 
significantly lower than of the control cells (around pH 6 in ClC-5 and pH 6.5 in control 
cells), pointing to more progressed endosomes in ClC-5 overexpressing cells (see 
Figure 33). Surprisingly, the E268Q mutant was functional sufficient to generate a WT 
like pH. In a non-transporting mutant of ClC-7, a homologue of ClC-5, a functional 
vesicular acidification was shown as well (Weinert et al., 2014). The E268Q has been 
identified to increase the electric capacity of membranes (Grieschat and Alekov, 2012). 
In general, the acidification of endosomes is generated by the proton pump V-ATPase 
(as reviewed in Forgac, 2007). However, loss of ClC-5 is linked to a defect in endosomal 
acidification (Piwon et al., 2000; Silva et al., 2003; Wang et al., 2000), suggesting a role 
of ClC-5 in the acidification process. It has been proposed that the chloride/proton 
exchange function of ClC-5 directly activates the V-ATPase and thereby ensures normal 
acidification of endosomes (Satoh et al., 2016). This stands in contrast to the findings in 
this study. Here, the non-transporting E268Q ClC-5 mutant had a WT-like endosomal 
pH. Possible explanations for the acidified endosomes in the E268Q mutant might be 
that ClC-5 activates regulators of the V-ATPase, or that the electric membrane capacity 
generated by ClC-5 activates the V-ATPase, thus promoting the proton transport into the 
vesicle. Furthermore, the E268Q mutant might transport one chloride (instead of two) at 
the expense of one proton, providing counter ions to maintain the function of the 
V-ATPase. However, more research is needed in order to determine whether any of the 
three proposed possibilities caused the decreased pH in E268Q ClC-5 cells.  
In conclusion, the above mentioned findings indicate that the chloride/proton antiporter 
ClC-5 promotes an increased toxicity of the C. difficile toxin TcdA due to an accelerated 
maturation of endosomes. The lower pH may cause a faster pH-dependent 
conformational change of TcdA which, in turn, results in the endocytosis of a higher 
amount of TcdA and faster translocation of the catalytic domain into the cytosol. A faster 
cell entry due to a quicker conformational change at lower pH was shown for TcdB of a 






 The role of glycosylation in fine-tuning of ClC-5 mediated 
endocytosis 
Internalization of proteins depends on the endocytosis machinery and includes the 
further processing and maturation of endosomes. The second part of this study set out 
to establish tools to investigate endosomal motility. Here, the focus was on the influence 
of ClC-5 glycosylation, since multiple mutations in the CLCN5 gene result in proteins 
with an inhibited complex glycosylation. Furthermore, these mutations have an impaired 
transport into endosomes and to the PM, and cause the renal Dent’s disease (Ludwig et 
al., 2005; Scheinman, 1998; Smith et al., 2009). The defects in the glycosylation 
combined with the ER retention of Dent’s disease mutants led to the hypothesis that 
glycosylation of ClC-5 might have an effect on the trafficking of ClC-5 positive 
endosomes due to a reduced transport to or increased backhaul from the PM. 
Therefore, besides the WT ClC-5, the Dent’s disease mutant R516W ClC-5 and two 
artificial glycosylation deficient mutants (N408E and N408A ClC-5) were examined. The 
choice for the R516W ClC-5 as a representative Dent’s disease mutant was motivated 
by the fact that this mutant is the only, so far described, missense mutation exhibiting 
ER-retention with functional (however reduced) chloride currents. The chloride currents 
were reduced by 30 % compared to the WT, which is probably due to its lower cell 
surface expression (Ludwig et al., 2005; Smith et al., 2009).  
 
 R516W, N408E, and N408A ClC-5 have no complex glycosylation 
Two putative N-glycosylation positions were predicted for human ClC-5: N408 and N38 
(Figure 34). Since it was previously shown that N408 is the bona fide glycosylation site 
in human ClC-5 (Jouret et al., 2004; Schmieder et al., 2007), the glycosylation deficient 
mutants used in this work, were generated at this position.  
First, it was necessary to assess the glycosylation patterns of WT and the three ClC-5 
mutants. The glycosylation assay showed that the WT ClC-5 protein was present in a 
complex, and core- and non-glycosylation pattern with sizes ranging from 90-120 kDa. In 
contrast, all of the mutants (R516W, N408E, and N408A ClC-5) lacked the complex 





The WT ClC-5 has been described to have a complex glycosylation pattern in human 
and mouse kidney (Jouret et al., 2004; Schmieder et al., 2007) as well as in Xenopus 
oocytes (Jouret et al., 2004; Schmieder et al., 2007). The lack of the complex 
glycosylation of the R516W ClC-5 has been described before as well (Smith et al., 
2009). 
Consequently, the subcellular localization of WT, R516W, N408E, and N408A ClC-5 
was examined. Therefore, fluorescence microscopy of the mCherry tagged ClC-5 
constructs in MDCKII cells was used and showed that WT ClC-5 was located to 
endosomes, the R516W mutant was situated in a few endosomes and to a higher 
amount in an ER-like structure, and the two glycosylation-deficient mutants N408E and 
N408A were also targeted to endosomes and to a smaller amount to an ER-like 
structure (Figure 36). The localization pattern of the WT ClC-5, that was detected in this 
work, is in accordance to the previously reported localization to the PM and intracellular 
vesicles in mouse kidney (Sakamoto et al., 1999) and rat intestinal cells (Vandewalle et 
al., 2001). The R516W mutant has previously been described as an ER retention mutant 
(Smith et al., 2009). In this study, however, using MDCKII or HEK293T cells, this mutant 
was also present on vesicular, endosomal-like structures, although to a minor degree 
than the WT. The two glycosylation deficient mutants (N408E and N408A) were also 
situated on the PM. In Xenopus laevis, a non-glycosylated ClC-5 mutant also showed a 
localization to the PM, however the surface expression was reduced due to a retrieval 
from the PM that was five times faster as compared to WT ClC-5 (Schmieder et al., 
2007).  
In general, the glycosylation assay is able to indicate if proteins are trafficked from ER to 
Golgi, as the complex glycosylation occurs in the Golgi compartment. Since the R516W 
and the two glycosylation deficient mutants showed no complex glycosylation but were 
targeted to endosomes, there may be an alternative processing pathway for these 
proteins. For instance, it is also possible that they are transported through the Golgi 
besides their missing N-linked glycosylation. This has been shown for other renal apical 
membrane proteins such as the rat sodium-dependent purine-selective nucleoside 





And also for the mammalian NaSi-1 sulfate transporter (Regeer et al., 2007). Both 
proteins are transported through the Golgi or post-Golgi compartments even without a 
missing N-glycosylation.  
Another explanation is that the overexpression of the ClC-5 variants caused a different 
localization. For ClC-6, a homologue of ClC-5 which is located on late endosomes, it 
was shown that overexpression resulted in a localization to early endosomes as well 
(Ignoul et al., 2007). 
This study showed that ClC-5 is complex glycosylated and it underlined the previous 
findings that the asparagine at position 408 is the only N-glycosylation site in human 
ClC-5. This was indicated by the fact that the glycosylation deficient mutants (N408E 
and N408A) lacked the band in the SDS gel with the size of the complex glycosylation. 
Furthermore, the present study showed that the R516W ClC-5 had no complex 
glycosylation and an altered localization as compared to the WT. 
Since the surface expression of the mutant ClC-5 might be altered, the PM expression of 
the different ClC-5 constructs should be examined using a biotinylation or chymotrypsin 
assay. Furthermore, a colocalization analysis with an ER marker could indicate if the 
R516W is indeed, more ER-retained than the other ClC-5 variants. 
In conclusion, the R516W, N408E, and N408A ClC-5 had no complex N-glycans, 
whereas the WT ClC-5 protein was complex glycosylated. The fluorescence microscopy 
indicates that the WT, N408E, and N408A ClC-5 were located to endosomes and the 
PM. The R516W was also targeted to endosomes and to an ER-like structure. This 
suggests that the lack of N-glycans does not inhibit the transport of the ClC-5 protein 
into endosomes and to the PM. 
 Mutations affecting the glycosylation of ClC-5 influence endosomal 
mobility 
In cells of the PT, ClC-5 is required for the uptake of LMW proteins and located mainly to 
early endosomes (Devuyst et al., 1999; Luyckx et al., 1998). In cells of the collecting 
duct in mice (Sayer et al., 2001), or transfected cells (Günther et al., 1998), ClC-5 is also 
located to the PM. For the transport of ClC-5 to the PM, the interaction with KIF3B, a 





For the transport back into the cell, no motor protein was identified so far. However, for 
Rab5-positive early endosomes, the interaction with the motor protein dynein was 
identified for long inwards movements (Flores-Rodriguez et al., 2011).  
For multiple Dent’s disease causing ClC-5 mutations, the transport to the PM and into 
endosomes seems to be impaired, since their localization is mainly restricted to the ER. 
In addition, or maybe due to the low cell surface expression, their endocytosis rate is 
impaired (Gorvin et al., 2013). As mentioned before, many of these mutants have no 
complex glycosylation(Smith et al., 2009).  
The next aim of this study was to examine the motility of ClC-5-positive endosomes 
close to the PM in order to determine if the transport to or from the PM of these 
endosomes might differ between the four ClC-5 variants. Therefore, TIRF microscopy 
with a field depth of 95 nm was used and time-lapse images of ClC-5-positive 
endosomes were recorded. All ClC-5 variants possessed vesicles that were transported 
along microtubules. The microtubule-dependent transport can be seen by the fact that 
adding nocodazole, a reagent which disrupts the microtubule network, resulted in the 
loss of long, far moving endosomes (Figure 37 A). This is in accordance with previous 
findings regarding the transport of endosomes along microtubule (Flores-Rodriguez et 
al., 2011). 
First, it was unclear whether differences in the long or short living; slow or fast moving 
endosomes exist. Therefore, two different cycle times were used for the time-lapse 
imaging and recorded over different time periods. The high temporal resolution (= short 
cycle time) revealed more differences among the four ClC-5 constructs: The N408A 
remained close to the PM for the longest (in average 15.6±0.13 seconds) and the 
R516W was the shortest (10.5±0.13 seconds). Remarkably, the WT moved the furthest 
from its origin (0.84±0.006 µm), whereas the N408A traveled the shortest distance 
(0.63±0.004 µm) (see Figure 43 and Table 3). In terms of speed, the R516W had the 
fastest endosomes (0.42±4.2E-4 µm/s) and the WT the slowest (0.36±0.001 µm/s). The 
diffusion coefficient was the highest for the N408E (0.018±0.002 µm²/s) and the smallest 





The target-orientation of the endosomal walk correlated well with the net displacement: 
WT and N408E endosomes moved more straightforward in one direction than R516W 
and N408E (Figure 48). 
All four ClC-5 constructs showed a variety of different motilities: Endosomes of the WT 
moved slowly, more directly along the PM for a long time, either looking for a place to 
fuse with the PM, or for other endosomes to fuse with. The R516W possessed 
endosomes that quickly exited the measured field or fused with the PM or other 
endosomes. Thereby, the endosomes did not move far away from their origin and 
walked less target-oriented. The N408E had the same motilities like the WT. However, 
the N408A had endosomes that moved the slowest and least far from their origin. 
Furthermore, they walked less target-oriented and were present at the PM for a longer 
time which indicates that they fused less with the PM or other endosomes and were not 
transported fast further into the cell (Figure 47).  
Confocal images indicated that the R156W is present at the PM to a smaller amount as 
compared to the WT (Figure 36). In combination with the above mentioned faster 
velocity and shorter time spend close to the PM of the R516W ClC-5, it is possible that 
this mutant is faster transported from the PM into the cell than the other ClC-5 variants. 
The PM expression of R516W has been described to be lower than in the WT due to a 
retrieval of the protein from the PM that was five times faster than the WT (Ludwig et al., 
2005; Smith et al., 2009).  
Astonishingly, the two glycosylation-deficient mutant showed a different motility as 
compared to the R516W. The N408E endosomes had a similar motility like the WT, 
whereas endosomes of the N408A moved different as compared to the WT. The fact 
that the two glycosylation-deficient mutants behaved differently as compared to each 
other suggests that, primarily, the lack of N-glycans is not the reason for the altered 
endosomal motility. The altered motility of N408A endosomes may be a result of an 
impaired interaction with motor proteins. The cell surface expression of ClC-5 has been 






In general, early and late endosomes have been reported to be transported along 
microtubules by dynein-1 (Flores-Rodriguez et al., 2011; Zajac et al., 2013) and kinesin 
(Chen et al., 2008; Schuster et al., 2011). Thus, the long lifetime and slow velocity of the 
N408A may be a result of either a dissociation of the motor protein from N408A ClC-5 
endosomes or a reduced binding capability of both proteins. This might be due to an 
altered conformational change of N408A ClC-5 which was caused by the mutation.  
For future research to determine if an impaired interaction with motor proteins, such as 
KIF3B or dynein, is the underlying mechanism of the altered endosomal speed, 
interaction studies of ClC-5 positive endosomes in vitro might give some insights. 
Furthermore, the effect of dynein or kinesin depletion on the motility of ClC-5 
endosomes should be examined, either by using knockdown cell lines or inhibitors such 
as the small molecule ciliobrevins (for dynein) (Roossien et al., 2015). In addition, the 
establishment of the particle tracking method also indicates that in order to examine 
differences between the motility of endosomes, choosing the correct circumstances for 
time-lapse imaging recording, such as cycle time, length of the recording need to be 
evaluated as they can severely influence the results. 
In conclusion, R516W and N408A ClC-5 showed altered endosomal motilities as 
compared to the WT and N408E ClC-5. The Dent’s mutant R516W was probably 
retrieved faster from the PM than the WT and transported quickly further into the cell. 
The N408A ClC-5 had endosomes which moved slowly and less target-oriented along 
the PM as compared to the WT but were not quickly retrieved from or fused with the PM 
or other endosomes. This indicates that the glycosylation status alone does not 
influence the trafficking of ClC-5 positive endosomes. It is more likely, that differences in 
the conformation of the protein caused by the mutations, impairs the interaction of ClC-5 






 WT and mutant ClC-5 promote acidification, are located to late 
endosomes and have no impaired endocytosis 
The altered motility of the mutant and WT ClC-5 variants might also be caused by a 
changed function of ClC-5 such as a changed endosomal pH which can also effect the 
maturation of endosomes. Therefore, this study further investigated the endosomal pH 
of WT, R516W, N408E, N408A ClC-5 and it showed that they all promoted acidification 
(Figure 49). The N408A was also located on endosomes that were even more acidic 
than the WT (pH 5.7 compared to the WT with a pH of 6.1). The pH of early endosomes 
was reported to be around 6.3 in mammalian cells and around 5.5 in late endosomes (as 
reviewed in Casey et al., 2010).  
Whole cell currents of R516W ClC-5 in HEK-MSR cells as well as in Xenopus laevis 
oocytes are severely reduced as compared to WT ClC-5 currents (Ludwig et al., 2005; 
Smith et al., 2009), indicating an impaired function of the mutant ClC-5. However, it is 
also possible that the differences in the chloride currents are due to the low expression 
of R516W at the PM. In this study, all ClC-5 mutants were sufficiently functional to 
promote endosomal acidification.  
During endosomal transformation from early to late endosomes, protons are 
accumulated in the endosome, reducing its pH (Hurtado-Lorenzo et al., 2006; Stauber 
and Jentsch, 2013). Therefore, the low pH of N408A positive vesicles might indicate that 
this mutant is situated on late endosomes or is transported faster through the endosomal 
pathway. The colocalization analysis with Rab7-marked, late endosomes, showed no 
differences between WT and mutant ClC-5 in HEK293T and MDCKII cells (Figure 50 for 
HEK293T cells, Supplemental Figure 6 for MDCKII cells). A distinct colocalization of 
ClC-5 on late endosomes has been previously shown in mouse thyroid gland cells (van 
den Hove et al., 2006). In order to determine if the ratio of early to late endosomes was 
altered in any of the used ClC-5 variants, an additional colocalization analysis with Rab5 
as marker for early endosomes needs to be performed. Furthermore, it would be 
interesting to examine the localization to recycling endosomes as well. The pH in 
endosomes decreases from early to late endosomes, but mildly increases in the 





Therefore it is more likely that the more acidic N408A is situated on late endosomes 
instead of recycling endsosomes. However, the pH is not the only evidence for 
increased endosomal maturation. Besides proton accumulation, the chloride 
concentration also increases from early to late endosomes (Gerasimenko et al., 1998; 
Sonawane and Verkman, 2003). A combination of a chloride-sensitive and a pH-
sensitive fluorophore (similar to the approach of Sonawane et al., 2002), might give 
more insights into the proton and chloride accumulation of WT, R516Q, N408E, and 
N408A ClC-5 positive endosomes. 
Overall, the observed results indicate that none of the mutant ClC-5 variants used in this 
work was targeted to late endosomes in a higher amount than the WT.  
Since Dent’s disease is characterized by an impaired receptor-mediated endocytosis 
(Gorvin et al., 2013), the receptor-mediated and fluid phase endocytosis rate were 
examined. Therefore, albumin was used as a marker for the receptor-mediated and 
dextran as marker for fluid phase endocytosis, respectively (Cao et al., 2007; Caruso-
Neves et al., 2005; Gorvin et al., 2013; Schwegler et al., 1991; Shurety et al., 1998; 
Takano et al., 2002). Neither the amount of internalized albumin nor dextran was altered 
in cells overexpressing R516W, N408E, or N408A ClC-5 as compared to WT ClC-5 
overexpressing cells (Figure 51). Furthermore, the control cells (= untransfected cells) 
did not show a different amount of internalized albumin or dextran as compared to cells 
overexpressing the different ClC-5 variants. The fact that the control cells showed no 
differences to the WT ClC-5 overexpressing cells is in contrast to the reported crucial 
function of ClC-5 in endocytosis: In ClC-5 knockout mice, the endocytosis of albumin 
has been shown to be impaired (Hara-Chikuma et al., 2005; Piwon et al., 2000; Wang et 
al., 2000). The defects in the endocytosis of albumin are probably due to an impaired 
interaction of ClC-5 with cofilin, an actin-associated protein regulating the uptake of 
albumin (Hryciw et al., 2003). So far, the endocytosis rate in overexpressing ClC-5 
HEK293T cells has not been determined. In order to gain more insights into the 
endocytosis rate of WT, R516W, N408E, and N408A ClC-5 further endocytosis assays 
are required with longer incubation times and as control, the endogenous ClC-5 mRNA 





In conclusion, the endosomal pH of WT, R516W, N408E, and N408A was more acidic 
than in control cells, indicating a sufficient function in promoting endosomal acidification. 
The N408A showed an even lower pH than the WT, suggesting that this mutant might be 
trafficked more pronounced towards late endosomes. However, a colocalization with 
Rab7-positive, late endosomes, showed no differences between WT and the three 
mutant ClC-5. In addition, the receptor-mediated and fluid-phase endocytosis was not 
altered in WT, R516W, N408E, and N408A ClC-5 overexpressing cells as compared to 
the control cells. This indicates that the glycosylation status of ClC-5 does not influence 
the maturation of ClC-5 positive endosomes or the endocytosis rate.  
 Summary and conclusions 
In summary, this study demonstrated a new role of ClC-5 as a promoter for intoxication 
of toxins from C. difficile, by increasing toxin internalization and processing by acidifying 
endosomes. Thus, it causes a faster maturation of TcdA. This effect was not dependent 
on the chloride/proton exchange function of ClC-5, as the non-transporting mutant 
E268Q ClC-5 was still able to acidify endosomes to a WT-like pH. However, the 
transporting function is probably necessary for the normal endocytosis rate. In addition 
to the effect of ClC-5 on TcdA’s toxicity, new insights on the motility of ClC-5 positive 
endosomes were gained by developing tools to study the movement of ClC-5 
endosomes. The Dent’s disease causing mutant R516W ClC-5 showed endosomes that 
were present close to the PM for a shorter time and moved with a faster speed and less 
target-oriented than the WT. However, this was most likely not caused by the lack of the 
complex glycosylation of this mutant. This is indicated by the analysis of the two artificial 
glycosylation-deficient mutants, N408E and N408A ClC-5. Both mutants had different 
motilities with the N408E being similar to the WT. Yet, endocytosis, endosomal pH and 
localization to late endosomes were unaltered in the mutants compared to the WT. 
Since the endosomal processing was normal in the mutants as compared to WT ClC-5, 
it is possible that conformational changes caused by the mutations led to an impaired 
interaction with motor proteins which, in turn, resulted in the altered endosomal motility. 
The so established particle tracking analysis leads the way for further studies such as 





Furthermore, tracking endosomes of ClC-5 and motor proteins simultaneously can give 
information about the interaction of WT or mutant ClC-5 with this motor protein.  
In conclusion, ion transporters such as ClC-5 are possible targets for pathogens to gain 
access into the host’s cell or to promote the pathogens virulence. Furthermore, the 
motility of endosomes is highly sensitive towards changes in proteins targeted in 
endosomal membranes. By understanding the exact mechanisms behind the 
intoxication of bacterial toxins and the motility of endosomes in the endocytic pathway, 







 Chemicals, buffers, solutions and equipment 
Unless stated otherwise, all chemicals were purchased from Invitrogen, USA, Carl Roth 
(Karlsruhe), Sigma-Aldrich (Steinheim), Merck (Darmstadt, Applichem (Darmstadt). 
Consumables were obtained from  
Supplementary Table 1: Chemicals used in this work. 
Name Company 
8-hydroxypyrene-1,3,6-trisulfonic acid  
(HPTS) 
AnaSpec, Inc 
EndoHf New England Bioscience 
FBS Gibco/Life Technologies, USA 
Formaldehyde 16 % (w/v), Methanol-free Pierce™ 
Geniticin, G418 Invitrogen, USA 
Glas cover slips  
L-Glutamine Invitrogen, USA 
Nigericin Sodium Salt A.G. Scientific, Inc./ MoBiTec 
penicillin/streptomycin Invitrogen, USA 
Petri dish  
PNGase F New England Bioscience 
Poly-L-lysine Sigma-Aldrich, Germany 
 
Supplementary Table 2: Solutions and buffers used in this work. 
Name Recipe or Company 
0.25 % Trypsin-EDTA Gibco/Life Technologies, USA 
2x HEBS 274 mM NaCl, 40 mM HEPES, 12 mM 
Dextrose, 10 mM KCl, 1.4 mM Na2HPO4, 
pH 7.05 
5x SDS loading dye 3% SDS, 2% glycerol, 0.02% Bromphenol 
blue 
DPBS (+Mg and Ca) Gibco/Life Technologies, USA 
FBS Gibco/Life Technologies, USA 
Fixation solution 4% PFA in PBS 
Fluoromount-G® Southern Biotechnology Associates, Inc. 






Lyse buffer 150 mM NaCl, 10 mM HEPES, 1% Triton-
x, 1% vol Roche complete Protease 
Inhibitor Cocktail (freshly added) 
PBS (-Mg and Ca) Lonza, Switzerland 
pH-buffer Tyrode’s solution pH 6-8 
SDS-running buffer  
TcdA buffer 20 mM Tris, 50 mM NaCl, pH7.4 
Tyrode’s solution 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 
mM HEPES, pH 7.4 
 
Supplementary Table 3: Cell lines and cell culture medium. 




Eagle’s medium (MEM) (Gibco/Life Technologies, USA), supplemented 
with 10% FBS and 900 µg/ml G418 
HEK293T DMEM (Gibco/Life Technologies, USA), supplemented with 10% FBS, 
2 mM L-glutamine and 50 units/ml penicillin/streptomycin  
HT-29 Dulbecco’s MEM/ Hams F-12 (Biochrom, Germany), supplemented with 
50 units/ml penicillin/streptomycin  and 10% FBS 
 
Supplementary Table 4: Kits used in this work 
Name Company 
jetPRIME transfection Reagent Polyplus-transfection, France 
Atto 425 Protein Labeling Kit Jena Bioscience 
Lipofectamine 2000/Lipofectamine 3000 Thermo Fisher Scientific, USA 
PD Sephagex G25 spin cloumn GE Healthcare 







Supplementary Table 5: Equipment used for this work. 
Name Trade label and origin 
Benchtop refrigerator Enviro-Genie, Scientific Industires, Inc. 
Fluorescent scanner FUSION SL, Vilber Lourma, Germanyt 
Fluorolog  Fluorolog spectrophotometer, Horiba 
Photospectrometer Ultrospec 2100 pro, Amersham Biosciences 
Platereader Victor3 multilable reader, PerkinElmer 
qRT-PCR Real-Time PCR-LineGene 9600 Plus System, Bioer Technology 
Table centrifuge Minispin, Eppendorf 
Centrifuge 5415 D, Eppendorf 
Centrifuge 5415 D, Eppendorf 
Thermoblock TDB-1200, Biosan 
Thermomixer comfort, Eppendorf 
ThermoBlock TDB-120 Kisker 
 
Supplementary Table 6: Software and online tools. 
Name Origin 




Origin 8.0 MicroCal 
Vector NTI Thermo Fisher Scientific, USA 
 
 Cell lines 
Supplementary Table 7: Cell lines used in this work. 
Name Abbreviation Origin 
Human Colon Cancer Cells HT-29 ATCC #HTB-38 
Human Embryonic Kidney Cells  HEK293 ATCC #CRL-1573 
Human Embryonic Kidney Cells  HEK293T ATCC #CRL-3216 








Supplementary Table 8: Plasmids used in this work. 
Insert Vector Origin or cloning strategy 
CD8 pLeu2 (Lerche et al., 1997) 
ClC-5 E268Q 
link mCherry 
pRcCMV (Grieschat and Alekov, 2012; Guzman et al., 2013) 
ClC-5 link 
mCherry 
pRcCMV (Grieschat and Alekov, 2012; Guzman et al., 2013) 
ClC-5 link YFP pEYFP (Alekov, 2015) 
ClC-5 N408A 
link mCherry 
pRcCMV QuickChange Site-Directed Mutagenesis exchanging N 
with A at position 408 of the ClC-5 mCherry plasmid 
ClC-5 N408E 
link mCherry 
pRcCMV QuickChange Site-Directed Mutagenesis exchanging N 
with A at position 408 of the Cl-5 mCherry plasmid 
ClC-5 R516W 
link mCherry 
pRcCMV Gift from M. Grieschat. QuickChange Site-Directed 
Mutagenesis exchanging R with W at position 516 of 
the Cl-5 mCherry plasmid 




gift from Sergio Grinstein (Addgene plasmid #35138) 
(Bohdanowicz et al., 2012) 




gift from Sergio Grinstein (Addgene plasmid #35139) 
(Bohdanowicz et al., 2012) 
Rab5 link mRFP pmRFP-C3 gift from Ari Helenius (Addgene plasmid #14437) 
(Vonderheit and Helenius, 2005) 
synapto-
pHluorin2 
Fsy1.1GW gift from Dr. Guzman (Alekov, 2015) 
 
 Primers 
Supplementary Table 9: Primers used in this work. 
Name Sequence (5’-3’) 
ClC-5 forw GGGGCTATTTGGGTAAGTGGACTC 
ClC-5 N 409A rev GTTCACCCCCTTTGCTTGTGGCGAAACGGTTCTCATAATCAC 
ClC-5 N408A forw GTGATTATGAGAACCGTTTCGCCACAAGCAAAGGGGGTGAAC 
ClC-5 N408E forw TGATTATGAGAACCGTTTCGAGACAAGCAAAGGGGGTGAAC 
ClC-5 N408E rev GTTCACCCCCTTTGCTTGTCTCGAAACGGTTCTCATAATCA 
ClC-5 rev GCAAAGAATGAACGCCACAAT 
PGK1 forw GAGATGATTATTGGTGGTGGAA 





 Parameters used for the colocalization analysis with SQUASSH 
Supplementary Table 10:Parameters used for the colocalization analysis. Standard deviations (stddev) of the 
point-spread function model (PSF) is given in pixel. 
Parameter Fixed cells Live cells 
Background removal true true 
Window size 10 10 
Stddev PSF xy 0.85 0.85 
Stddev PSF z 0.79 0.79 
Regularization 0.01 0.05 
Min intensity channel 1 0.05 0.05 
Min intensity channel 2 0.05 0.05 
Subpixel true true 
Cell mask channel 1 true true 
Cell mask channel 2 true true 
Mask threshold channel 1 0.1683 for 0 min 
0.1349 for 8 min 
0.0475 for 15 min 
0.0771 
Mask threshold channel 2 0.0161 for 0 and 8 min 
0.062 for 15 min 
0.0459 
Intensity estimation automatic noise model Poisson Poisson 
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Supplemental Figure 1: Densiometric analysis of SDS-gel of proteins from WT, R516W, N408E, or N408A 
proteins.  









Supplemental Figure 2: Lifetime, net displacement and mean velocity of all trajectories of the different ClC-5 
constructs in low temporal resolution.  
The lifetime (A, D), net displacement (B, E) and mean velocity (C, F) of all trajectories were extracted. A-C shows the 
histograms of binned data and D-F displays the mean values ±SEM of all trajectories from all measured cells. WT 
ClC-5 is displayed in blue, R516W in green, N408E in cyan and N408A in red. N=34138 trajectories for WT, n=15850 
trajectories for R516W, n=55048 trajectories for N408E and n=25127 trajectories for N408A. For the histograms, the 
data was binned in 41 bins for the lifetime and 50 bins for net displacement and mean velocity. * indicates a 
significant difference between two values. Significance was tested using the One-way Anova with post-hoc Tukey 









 Supplemental Figure 3: Lifetime, net displacement and mean velocity of all trajectories of the 
different ClC-5 constructs in high temporal resolution.  
The lifetime (A, D), net displacement (B, E) and mean velocity (C, F) of all trajectories were extracted. A-C 
shows the histograms of binned data and D-F the mean values ±SEM of all trajectories. WT ClC-5 is 
displayed in blue, R516W in green, N408E in cyan and N408A in red. N=27320 trajectories for WT, n=14192 
trajectories for R516W, n=37106 trajectories for N408E, and n=29068 trajectories for N408A. For the 
histogram, data was binned in 46 bins for the lifetime, 50 bins for net displacement and 48 bins for mean 
velocity. * indicates significant difference between two values. Significance was tested using the One-way 






Supplemental Figure 4: Velocity and displacement of particles from low and high temporal resolution.  
Endosomes of MDCKII cells transiently expressing WT (blue), R516W (green), N408E (cyan), or N408A (red) ClC-5 
mCherry were recorded in a TIRFM and their endosomes were tracked. Two different cycle times were used: one 
second (low temporal resolution, left lane) and 302 milliseconds (high temporal resolution, right lane). The velocity 
and displacement of each particle from frame to frame were analyzed of all measured cells. Please note, for this 
analysis, all detected endosomes of all trajectories are shown. In all other analyses, only endosomes that were 
detected for more than 3 frames were taken into account. For the low temporal resolution n=90755 particles for the 
WT, n=61705 for R516W, n=143352 for N408E, and n=69256 for N408A. For the high temporal resolution n=64234 
particles for the WT, n=74898 for R516W, n=74910 for N408E, and n=80071 particles for N408A. Data was binned in 









Supplemental Figure 5: Uptake of Albumin in MDCKII cells expressing WT, R516W, N408E, and N408A ClC-5. 
Representative images of MDCKII cells transiently expressing WT (A), R516W (B), N408E (C), or N408A (D) ClC-5 
mCherry (red) were incubated with 50 nM albumin (green) labeled with Atto425 for 2.5 h. Single z-slides are shown 








Supplemental Figure 6: Colocalization of WT, R516W, and N408E ClC-5 with Rab7 in MDCKII cells. 
Representative confocal images (single z-slides) of MDCKII cells transiently transfected with WT (A), R516W (B), or 
N408E (C) ClC-5-mCherry (in red) and cotransfected with Rab7-EYFP (in green). E) Box plots summarizing the 
results from object-based and size-based colocalization analysis corresponding to the number of overlapping objects 
defined in two channels as Rab7 and ClC-5-containing objects. N=4 cells for WT, n= 9 cells for R516W, and n=8 cells 
for N408A. Single cells (•), 25 – ox), mean (■), median (─) as well as 99 % and 1 % (X)). Scale bars 
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